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Abstract 
One of the fastest growing and most important product classes in biological pharmaceutics 
and therapeutics is the group of monoclonal antibodies (mAb). They are applied mainly for 
cancer and autoimmune therapy, such as for the treatment of leukemia or rheumatism. 
While substantial progress was made in designing specific antibodies, the challenging 
recovery and purification of mAbs in downstream processing are still the most cost-
intensive tasks. Even though current platform processes are highly optimized in terms of 
yield and achieved purity, they lack in performance when it comes to processing high titers 
and when long-term stability of the molecule becomes a critical issue. In this context 
crystallization of antibodies is a promising strategy to generate highly concentrated and 
stable products. 
The objective of this work was to develop the scientific basis for the implementation of 
protein crystallization as an alternative process to other downstream steps like the common 
used chromatography. Since crystallization conditions influence process development, 
crystal separation and subsequent upscale, the main focus of this work was the 
optimization of screening strategies as well as the establishment of fundamental 
understanding for the phase behavior of monoclonal antibodies. In literature, it is attempted 
to describe and correlate protein phase behavior with protein interactions. Empirical 
correlations as well as thermodynamic approaches exist, which arise from physical 
chemistry and simplify the complexity of the analyzed system. Therefore another focus 
was set on the investigation if experimentally determined protein interactions allow a 
general description and prediction of phase behavior of complex and large molecules such 
as monoclonal antibodies. 
After the introduction and the research proposal, the work is split into 4 main parts 
followed by the conclusion an outlook: 
Protein-protein interactions are analyzed using the osmotic second virial coefficient (B22). 
This parameter is experimentally determinable and describes the magnitude and direction 
of non-ideality of the osmotic pressure in a dilute solution. According to George and 
Wilson, the crystallization probability of proteins at conditions with slight negative B22-
values is high. In the first part of this work, an appropriate method had to be found to 
determine the B22. The self-interaction chromatography (SIC) is very attractive due to its 
low protein consumption. It is a chromatographic method in which the analyzed protein is 
immobilized on the adsorber. Protein-protein interactions can be determined from the shift 
in retention time of a protein sample (same protein as immobilized) in the SIC-column 
compared to that in a protein-free column. The time and experimental effort of the column 
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preparation was successfully reduced with a novel established preparation procedure in 
pre-packed columns. The protein immobilization under continuous flow and the 
quantification of the surface load with a partial least squares regression resulted in a fast 
and reliable procedure. As SIC is an invasive method, influencing parameters including the 
effects of absolute surface load, injected protein concentration and distribution of protein 
orientation on the results were analyzed with the model protein lysozyme. Directed 
interactions between the proteins in the mobile phase and the immobilized proteins were 
measured. These results disprove the consistency of the SIC method regarding a 
randomized orientation of immobilized proteins on adsorber particles. This explains 
significant deviations in published SIC results. Moreover, the solely qualitative character 
of SIC could be confirmed by a comparison of the results from SIC with B22-values 
determined with the traditional static light scattering (SLS) method. Hence, for a 
quantitative analysis of B22-values the SLS as a non-invasive method is the method of 
choice in this work. 
Protein phase behavior characterization is often conducted in trial and error experiments in 
a multivariate parameter space due to the high amount of influencing parameters, the 
unlimited number of precipitants and the diversity of the proteins. The influence of single 
factors on the protein is yet not understood and fundamental knowledge remains to be 
obtained. For this purpose, a systematic screening method was developed in the second 
part of this work to characterize the influence of fluid phase conditions on the phase 
behavior of antibodies. The establishment and application of a buffer system with a 
constant buffer capacity from pH 5 to 9 enables one to set up multi-dimensional phase 
diagrams and to analyze protein phase behavior dependent on single parameters like the 
pH, protein- and precipitant concentration as well as the precipitant type. Separate 
experiments were conducted to characterize the precipitant influence on the pH-value prior 
to protein studies. Phase behavior after 40 days, the crystal size and the nucleation kinetics 
in form of the onset of first visible structures were determined by combining the 
established semi-automated process with the sophisticated analysis on an imaging system. 
This approach was applied to three different monoclonal antibodies to investigate 
influences of pH, protein and salt concentrations, with five salts being tested. Although 
differences between the antibodies exist and the net charge of the antibodies is positive 
over a broad range, this extensive study confirmed the general applicability of the 
Hofmeister series to characterize the salt influence over the analyzed parameter range. 
Thereby the anion influence of the salt on antibody phase behavior is stronger than the 
cation influence. The pH influences mainly the range in which the protein crystallized 
respectively gelled. The type of protein is responsible whether gelation or needle 
crystallization occurs, whereby a pH close to the isoelectric point (pI) of the protein 
resulted in the highest probability of crystallization, a faster crystallization kinetic and 
lower solubility for the monoclonal antibody mAb04c. The influence of the different salts 
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on the aggregation probability was described qualitatively using the Hofmeister series, 
with no differentiation between crystallization and precipitation, however. 
In the third part, the conditions investigated in the second part were analyzed by means of 
the osmotic second virial coefficient (B22) to shed light into the protein-protein interactions 
and thereby into antibody phase behavior on a molecular basis. The B22 was determined 
with SLS for all three antibodies. The resulting B22–values follow qualitatively the 
phenomenological Hofmeister series, which describes the aggregation probability of 
antibodies for various solvent compositions with salts. However, a direct correlation 
between the crystallization probability and the B22 in form of a crystallization slot as 
postulated by George and Wilson does not seem to be feasible for antibodies. Only some 
crystallization conditions fit in the crystallization slot. Others were below and above this 
range. Moreover there are some conditions showing no phase transition in the 
crystallization slot. A possible reason is the high anisotropy of antibodies attributed to the 
molecular size and complexity of the molecules, which could be experimentally confirmed. 
Hence, the nucleation and crystal growth kinetics are key parameters. This could be 
confirmed by a comparison of experimental B22 and phase behavior data with a theoretical 
phase diagram using a Haas and Drenth model. The theoretically determined binodal and 
spinodal do not represent the reality. On the other hand a universal correlation between the 
solubility and the B22 was found for salt systems with the HDW (Haas, Drenth and 
Wilson)-model as well as the RSL (Ruppert, Sandler and Lenhoff)-model. The resulting 
solubility line is independent of parameters like pH-value, precipitant substance and 
concentration describing the solubility only as a function of B22. Hence, the solubility in 
different solvent compositions seems to be solely thermodynamically driven. 
The systematic screening method was applied to analyze the influence of macromolecular 
precipitants namely PEG on antibody phase behavior in the fourth part. Three-
dimensional phase diagrams were developed to find appropriate conditions for downstream 
processing in terms of fast kinetics and crystal sizes. Molecular weight and concentration 
were varied at different pH-values. Overall, the use of PEG as precipitant for antibodies is 
more promising compared to salts. The easy variation of depth and range of the osmotic 
attraction by simply changing the polymer size and concentration is the success factor for 
finding appropriate crystallization conditions. Thereby the molecular weight of PEG is, 
besides the pH-value, the most important parameter. PEG molecular weights of 1000 or 
3350 in combination with mAb04c are preferred due to resulting large crystal sizes, fast 
phase transitions and broad crystallization ranges. To gain a deep insight view in the phase 
behavior on a molecular basis, B22-values as parameters for protein-protein interactions 
were determined experimentally with static light scattering. The PEG-protein solutions 
were analyzed as a pseudo-one-compartment system. As before the crystallization slot was 
not applicable to describe the phase behavior of monoclonal antibodies. Additionally to the 
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results for salts, conditions of antibody crystallization with positive B22-values exist. A 
reason for this fact might be the neglect of cross-interactions between protein and PEG. 
Therefore the SLS was applied to prove the interactions between these two 
macromolecules with the second osmotic cross-virial coefficient (B23). This parameter 
further increases the knowledge for the antibody phase behavior on a molecular basis. 
However, a correlation to phase behavior was neither with the B22 nor with the B23 
possible.  
Overall, this thesis presents detailed experimental data and elaborated approaches to 
understand the fundamentals of complex systems containing different buffer components, 
precipitants and proteins. A newly developed systematic screening method in combination 
with a novel buffer system shed light on the phase behavior of monoclonal antibodies. In 
particular for mAb04c suitable crystallization conditions for downstream processing could 
be found. The here established method and sophisticated analysis is flexible and can be 
expanded to a higher number of proteins and precipitants. It was also shown, that SLS is 
the method of choice to determine protein-protein interactions using the B22. Furthermore, 
a comparison of B22 and B23-values with protein phase behavior resulted in a detailed 
understanding of processes on a molecular basis. Hence, the phase behavior of monoclonal 
antibodies is better understood in detail and the here gained knowledge will simplify the 
analysis of protein phase behavior in the future. Moreover, this work points out the limits 
of existing empirical and theoretical models. Based on these findings, new applications as 
well as investigation strategies were suggested. A fundamental understanding of protein 
phase behavior is not only the key to reduce experimental effort in crystallization condition 
screening, but also in optimization of all steps in downstream processing. 
 
Zusammenfassung 
In den letzten Jahren haben monoklonale Antikörper immer mehr an Bedeutung als 
Therapeutika und Diagnostika zur Behandlung beispielsweise von Krebs- oder 
Immunkrankheiten in der biopharmazeutischen Medizin gewonnen. Die Anforderungen an 
diese Produkte in Bezug auf Langzeitstabilität, Reinheit und Konzentration sind hoch. 
Durch die Verwendung von Chromatographie-Verfahren, wie die Protein-A-
Chromatographie in der Aufreinigung, dem Downstream Processing, ist die Herstellung 
monoklonaler Antikörper kostspielig. Insbesondere in der Aufreinigung und Formulierung 
können die Prozesse optimiert werden, um Produktqualität und Ausbeuten zu steigern. 
Hier bietet sich die Proteinkristallisation als alternativer Prozessschritt an, da durch die 
kristalline Form das Protein sowohl stabilisiert als auch aufkonzentriert wird.  
Ziel dieser Arbeit war es, Strategien zu entwickeln, um auf lange Sicht die Kristallisation 
von monoklonalen Antikörpern als Alternativverfahren zu weiteren 
Aufreinigungsprozessen, wie der Chromatographie konkurrenzfähig zu machen. Da die 
Wahl der Kristallisationsbedingungen stark die weiteren Schritte beim Scale-up der 
Prozessbedingungen und bei der Abtrennung der Kristalle beeinflusst, wurde ein 
Schwerpunkt dieser Arbeit auf die Optimierung des Screenings von 
Kristallisationsbedingungen sowie dem allgemeinen Verständnissaufbau für das 
Phasenverhalten von Proteinen gelegt. Darüber hinaus gibt es in der Literatur verschiedene 
Studien, die versuchen über Protein-Wechselwirkungen das Phasenverhalten von Proteinen 
zu beschreiben. Daher wurde ein weiterer Schwerpunkt auf die Überprüfung gelegt, ob 
dies auch für monoklonale Antikörper möglich ist. Dazu wurde analysiert, in wie weit 
experimentell bestimmbare Protein-Wechselwirkungen mit dem Phasenverhalten 
empirisch oder mittels thermodynamischer Modelle korreliert werden können.  
Die Arbeit unterteilt sich nach einer Einleitung und der Beschreibung des Forschungsziels 
in vier Hauptteile, gefolgt von der Zusammenfassung und dem Ausblick:  
Für die Beschreibung von Protein-Protein-Wechselwirkungen wurde der experimentell 
bestimmbare zweite osmotische Virialkoeffizient (B22) genauer untersucht. Er leitet sich 
aus der Nichtidealität des osmotischen Druckes einer verdünnten Lösung ab. Leicht 
negative B22-Bedingungen (Crystallization Slot) bedeuten laut George und Wilson eine 
hohe Kristallisationswahrscheinlichkeit für Proteine. Daher wurde im ersten Teil mit dem 
Modellprotein Lysozym überprüft, welche Analytik-Methode geeignet ist, um B22-Werte 
experimentell in der gewünschten Genauigkeit zu bestimmen. Die Self-Interaction 
Chromatographie (SIC) ist aufgrund ihres niedrigen Proteinkonsums attraktiv und wird in 
der Literatur häufig angewendet. Mit dieser Methode wird untersucht, wie sich das 
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Retentionsverhalten einer Proteinprobe in einer mit dem gleichen Protein immobilisierten 
Säule im Vergleich zu einer nicht immobilisierten Säule verändert. Jedoch ist das 
Herstellen der benötigten Säulen aufwändig. Deswegen wurde ein neuartiges Verfahren 
entwickelt, um das Protein direkt in vorgepackten Säulen auf dem Adsorber zu 
immobilisieren. Der experimentelle und zeitliche Aufwand konnte zusätzlich durch die 
Charakterisierung des gebundenen Proteins mittels einer Partial-Least-Squares Regression 
erfolgreich reduziert werden. Durch eine intensive Analyse verschiedener 
Einflussparameter konnte jedoch gezeigt werden, dass das Protein nicht entsprechend der 
Grundvoraussetzung der Methode in zufälliger Anordnung auf der Adsorberoberfläche 
gebunden werden kann. Dies führt zu gerichteten Wechselwirkungen zwischen dem 
gebundenen Protein und dem Protein in Lösung. Diese Erkenntnis wird durch signifikant 
abweichende Messwerte in der Literatur bestätigt. Demnach handelt es sich bei der SIC um 
ein rein qualitatives Verfahren. Im Gegensatz dazu stellte sich die statische Lichtstreuung 
(SLS) aufgrund ihres nicht-invasiven Charakters als geeignete quantitative Methode 
heraus. 
Im zweiten Teil wurde für das Kristallisations-Screening ein Puffersystem entwickelt, 
welches eine konstante Pufferkapazität über den pH-Bereich von 5 bis 9 besitzt. Dadurch 
konnte der Einfluss einzelner Faktoren wie der pH-Wert, Präzipitantenart 
sowie -konzentration und Antikörperart auf das Phasenverhalten der Antikörper in 
mehrdimensionalen Phasendiagrammen systematisch untersucht werden. Um das 
Screening im Hochdurchsatz unter charakterisierten Bedingungen durchführen zu können, 
wurde vorab der Präzipitanteneinfluss auf den pH-Wert untersucht. Das eigentliche 
Screening beinhaltete die automatisierte Präparation der verschiedenen Bedingungen auf 
einer Roboterplattform und die visuelle Auswertung mittels eines bildgebenden Systems. 
Neben dem Phasenverhalten nach 40 Tagen wurden zusätzlich die Kristallgröße, als auch 
das erste Auftreten von sichtbaren Strukturen als Maß für die Nukleations- und 
Kristallisationskinetik ausgewertet. Somit resultiert aus einem Screening eine Vielzahl an 
Informationen, die Aufschluss über die Anwendbarkeit der Bedingungen für den 
Downstream geben. Das Screening wurde auf drei verschiedene Antikörper mAb04c, 
mAb05a und mAb02a angewendet, um einen Antikörper spezifischen Einfluss der 
beschriebenen Parameter zu überprüfen. Es konnte gezeigt werden, dass die Einteilung der 
benutzten Salze nach der Hofmeister Serie erfolgen kann, obwohl die Antikörper über 
einen weiten pH-Bereich eine positive Nettoladung tragen. Dabei haben die Anionen einen 
deutlich stärkeren Einfluss auf das Phasenverhalten des Proteins als die Kationen. Der pH-
Wert beeinflusst hauptsächlich den Kristallisations-, bzw. Gelierungsbereich für die 
verschiedenen Salze. Ob das jeweilige Protein nadelförmig kristallisiert oder Gelierung 
auftritt, hängt zusätzlich vom Protein selbst ab. 
Zusammenfassung XI 
Im dritten Teil wurde der Zusammenhang von Proteinphasenverhalten und Protein-
Protein-Wechselwirkungen in Form des B22 analysiert. Die systematische Vorgehensweise 
beim Screening macht die verschiedenen Einflussfaktoren zugänglich. Mittels SLS 
gemessene B22-Werte für die Antikörper spiegeln die Wechselwirkungen zwischen den 
Proteinen wider. Durch die B22-Werte konnten die Trends in Bezug auf die Hofmeister 
Serie bestätigt werden. Beim direkten Vergleich der B22-Werte mit dem Phasenverhalten, 
kann die hohe Kristallisationswahrscheinlichkeit im Bereich leicht negativer B22—Werte, 
dem sogenannten Crystallization Slot, für komplexe Proteine, wie es die Antikörper sind, 
nicht bestätigt werden. Einige kristallisierende Bedingungen liegen innerhalb des 
Crystallization Slots, andere deutlich unterhalb. Darüber hinaus gab es viele Bedingungen 
die im Crystallization Slot lagen, jedoch keine Änderung im Phasenverhalten zeigten. Ein 
Grund dafür ist die hohe Anisotropie der Antikörper. Dies konnte experimentell bestätigt 
werden. Folglich bestimmen kinetische Einflussfaktoren entscheidend das 
Proteinphasenverhalten. Jedoch konnte durch den Vergleich von B22-Werten und dem 
Phasenverhalten von mAb04c in Salzlösungen die Löslichkeit mit dem B22 über das HDW-
Modell und das RSL-Modell allgemein korreliert werden. Die resultierende universelle 
Löslichkeitslinie beschreibt die Löslichkeit als Funktion des B22 unabhängig von 
Einflussfaktoren wie dem pH-Wert, der Präzipitantenart und deren Konzentrationen. 
Demnach ist die Löslichkeit thermodynamisch bestimmt. Eine Beschreibung weiterer 
Phasenzustände über die Binodale und Spinodale war nicht mit einem universellen 
thermodynamischen Modell von Haas und Drenth möglich. Zusätzliche Einflussfaktoren, 
wie kinetische Phänomene und die Komplexität der Proteine beeinflussen stark das 
Proteinphasenverhalten und müssen dementsprechend mit berücksichtigt werden. 
Im vierten Teil wurde untersucht, wie Polymere das Phasenverhalten von Antikörpern 
beeinflussen. Dazu wurde als Präzipitant PEG (Polyethylenglykol) mit verschiedenen 
Molekulargewichten gewählt. Neben dem pH-Wert, beeinflusst insbesondere das PEG-
Molekulargewicht das Phasenverhalten von mAb04c. Je größer das Molekulargewicht des 
PEG, desto geringer ist die benötigte Konzentration um Kristallisation beziehungsweise 
Präzipitation hervorzurufen. Eine einfache Variation der Stärke und Reichweite der 
osmotischen Anziehung durch die Veränderung der Polymergröße und –konzentration ist 
ein wichtiger Erfolgsfaktor auf der Suche nach Kristallisationsbedingungen. Im Vergleich 
zu dem Proteinphasenverhalten mit Salzen als Präzipitant war der Kristallisationsbereich 
mit PEG größer und eine kompakte Kristallstruktur wurde erzielt. In Bezug auf geeignete 
Bedingungen für den Downstream wurde die Kombination von mAb04c mit mittleren 
PEG-Molekulargewichten von 1000 und 3350 aufgrund der kompakten Kristallform, des 
breiten Kristallisationsbereichs, der Kristallgröße und der schnellen Kinetik ausgewählt. 
Um weitere Informationen über das Phasenverhalten zu erhalten, wurden Protein-Protein 
Wechselwirkungen bestimmt, wobei die PEG-Lösung als eine pseudo-Einkomponenten-
Lösung angenommen wurde. Die Überprüfung der Anwendbarkeit des Crystallization 
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Slots führt wie zuvor bei Salzen als Präzipitanten zu einem negativen Ergebnis. Zusätzlich 
gab es auch Phasenübergänge bei positiven B22-Werten. Dies legt nahe, dass die 
Wechselwirkungen zwischen Protein und dem zweiten Makromolekül nicht vernachlässigt 
werden dürfen. Daher wurden mittels SLS Kreuzinteraktionen zwischen Proteinen und 
makromolekularen Präzipitanten in Form des zweiten osmotischen 
Kreuzvirialkoeffizienten (B23) bestimmt und die Kreuzinteraktionen nachgewiesen. Dieser 
Parameter hilft bei dem weiteren Verständnisaufbau für das Phasenverhalten von 
Proteinen. Jedoch konnten auch mit diesem Faktor keine zusätzlichen Aussagen über die 
Art von Phasenverhalten und Konzentrationsabhängigkeiten getroffen werden. 
Insgesamt konnte die systematische Suche nach Kristallisationsbedingungen durch die 
Verwendung einer neuen Screening-Methode mit einem neuartigen Puffersystem 
grundlegend vereinfacht werden. Es wurden detaillierte experimentelle Daten generiert die 
als Basis für mehrdimensionale Phasendiagramme dienten. Dadurch konnten die Einflüsse 
verschiedener Faktoren auf das Phasenverhalten von monoklonalen Antiköpern in 
komplexen Systemen aus Pufferkomponenten, Präzipitanten und Proteinen analysiert 
werden. Für mAb04c konnten so geeignete Kristallisationsbedingungen für den 
Downstream gefunden werden. Diese Methode ist flexibel und kann beliebig um weitere 
Präzipitanten und Faktoren erweitert werden. Die SLS hat sich als geeignete Methode für 
die Bestimmung von Protein-Protein Wechselwirkungen in Form des B22 herausgestellt. 
Über den Vergleich von Proteinphasenverhalten und Protein-Protein-Interaktionen (B22), 
beziehungsweise Protein-PEG-Interaktionen (B23) konnten weitere tiefgreifende 
Erkenntnisse über die Vorgänge auf molekularer Ebene gewonnen werden. In Bezug auf 
die Vorhersagbarkeit von Proteinphasenverhalten mittels empirischer und 
thermodynamischer Modelle wurden die Grenzen der Anwendbarkeit des B22 aufgezeigt. 
Anhand dieser detaillierten Ergebnisse wurden erfolgreich grundlegende Zusammenhänge 
für das Phasenverhalten von monoklonalen Antikörpern aufgezeigt. Somit wurde sowohl 
eine konzeptionelle Basis als auch eine detaillierte Datenbasis für zukünftige Arbeiten 
geschaffen. Darauf aufbauend wurden weitere Vorgehensweisen empfohlen. Eine solch 
umfassende Wissensbasis ist nicht nur notwendig, um den experimentellen Aufwand 
während des Kristallisations-Screenings zu reduzieren, sondern auch, um andere 
Verfahrensschritte beispielsweise in Bezug auf eine hohe Löslichkeit des Proteins zu 
optimieren. 
Abbreviations 
A Adjustable parameter in HDW-model 
ā Average polarizability of molecules 
AC, K Adjustable parameters in RSL-model 
B22, Bii, Bjj Osmotic second virial coefficient 




p Saturated protein concentration 
d Distance between detector and molecule 
d, dmax (Maximal) adsorber particle diameter 
dn/dcP Refractive index increment 
f Factor of polarization 
G Free energy/ Gibbs energy 
Gλ Gibbs energy 
gλ Parameter for protein-protein interactions 
H Enthalpy 
I0 Irradiated intensity 
is Intensity of scattered light 
k Boltzmann constant 
K, K
* 
(Modified) optical constant 
KSEC, Koverall, Kaff Distribution coefficient for SEC, for SIC and the for the weak 
interaction  
m, mP Mass (of immobilized protein) 
m = Ω/ω Number of water molecules, which have the equivalent volume 
as one protein molecule 
MW Molecular weight 
n Aggregate size 
N Molecule number density 
n0 Refractive index of the solvent 
NA Avogadro constant 
p Anisotropy 
q Surface load SIC 
R Universal gas constant 
r Center-to-center distance of two protein molecules 
rpH Ratio of pH 5 to pH 9 buffer 
rSalt Salt ratio 






Grade of saturation 
T Temperature 
V0, Vt Vi Interstitial, total mobile phase and intraparticular volume 
VP = Ω·NA Partial molar volume of the protein at infinite dilution in the 
aqueous solution 
Vr Retention volume of the mobile protein  
VW Molar volume of water 
W Potential of mean force 
z  Coordination number of the protein crystals 
ΔVr,aff Change in retention volume caused by interaction 
θ Surface coverage 
ϴ Detector angle 
λ Wave length 
ν Range of interaction 
π Osmotic pressure 
ρ Density 
ϕ Volume fraction 
Ω Volume of one protein molecule 
ω Molar volume of water VW divided by the Avogadro number NA 
Ω1 possible angular positions/orientations immobilized interacting 
molecules 






c Crystal or critical aggregate size 
i, j, 2, 3 Different species 
max Maximal  
p, pro Protein 
pH pH-Value 
s At saturation  
Salt Salt 
α Protein lean phase 
γ Protein rich phase 
crs  Crystal  
eql After phase separation and equilibration 
ini Initial 
liq Obtained filtrate 
Abbreviations XV 
Methods 
CG-MALS Composition gradient multi-angle light scattering 
CLSM Confocal laser scanning microscopy 
FID Free interface diffusion 
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1 Introduction 
1.1 Monoclonal antibodies and their purification 
In recent years the interest for monoclonal antibodies (mAb) raised in the 
biopharmaceutical industry as therapeutics and diagnostics. As part of the modern 
medicine this multifunctional product class helps against different indications and diseases 
like cancer, immunology or infection diseases. Unique properties make the mAb save, 
effective and versatile. In 2006 already 18 products against diseases like asthma, transplant 
rejection, acute myeloid leukemia or Non-Hodgkin´s lymphoma were approved with a 
raising tendency.
1–4
 To increase the benefit from antibody research the engineering of the 
antibody has to be optimized, the manufacturing and formulation to be improved, better 
pre-clinical models for behavior prediction found and new ideas of for the applications 
developed.
5
 In designing specific antibodies substantial progress is made, whereas the 
bottleneck is the recovery, purification and formulation of the antibodies.
4,6
 During the 
manufacturing process deamidation, chemical instability and glycosylation differences 
mainly generate the heterogeneity of antibodies.
7–9
 Combined with their large size and 
their high degree of segmental flexibility the process gets further complicated. The 
resulting inhomogeneous products are challenging tasks for the Food and Drug 
Administration (FDA) approval in respect to the purity and stability.
10
 Furthermore, the 
obtained low concentrated mAb-solutions stay in contrast to the requirements based on the 
sterile doses weekly for long periods of time. For tens of thousands of patients per year 
grams of sterile doses for intravenous administration are needed.
5
 As consequence higher 
manufacturing rates are necessary, while the costs for goods and facilities should be 
affordable. At the moment more than 80 percent of the overall process costs are produced 
by the downstream processing.
9
 The most cost intensive task during the purification are the 
chromatographic steps, foremost the application of a Protein A-step.
10,11
 These 
chromatographic steps are limited by the space of equipment, material and facilities, the 
volume of buffers, as well as cleaning and sanitization solutions. But limitations also exist 
from the techniques themselves. Research projects foster the reduction of purification 
steps, try to avoid complex steps, or to use alternatives for chromatographic steps like 
simulated moving bed, expanded bed as well as membrane chromatography. Further 




With further progress in mAb research online analytics and strategies like Quality by 
Design (QbD) and Process Analytical Technology (PAT) more perspectives will open.
8,9
 
Examples are patient tailored mAbs by combining diagnostics with therapeutics, targeted 
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drug delivery or the enhancement of properties by using fragments, conjugates, fusion as 
well as multi specific mAbs.
1,3
 
1.2 Protein interactions 
Protein molecules interactions are comparable to those of small molecules. But proteins are 
complex molecules due to their large size, their high degree of segmental flexibility and 
potentially variable patterns.
10
 The surface consists of charged groups as well as 
hydrophobic and hydrophilic patches, which are inhomogeneously distributed. Therefore 
the interactions between two protein molecules are strongly dependent on their orientation 
to each other.
14
 The potential of mean force is generally used to characterize this 
anisotropic nature of the interactions. It describes the potential energy between two 
molecules in a diluted solution integrated over their distance and all possible orientations 
to each other.
15
 The potential of mean force comprises various single potentials, such as the 
hard sphere potential, the van der Waals potential, the electrostatic potential and the 
osmotic potential.
16–18
 Other potentials are often neglected, because theoretical 
explanations and possibilities for their calculations are still missing. It is neither possible to 
determine every single potential nor the complete potential of mean force. It is only 
possible to approximate the different potentials with theoretical approaches. This includes 
always neglect and simplifications.
16





 as DLVO (Derjaguin, Landau, Verwey, Overbeek)-theory. 
Only the hard sphere, the van der Waals and the electrostatic potentials were included. 
1.2.1 Hard sphere potential 
Hard spheres are characterized as impenetrable spheres that cannot overlap in space. The 
hard sphere potential describes extremely strong repulsive interactions at close distances 
between the protein molecules. These forces cause, a distance of at least twice the protein 
radius. 
1.2.2 Van der Waals and electrostatic potential 
Van der Waals and electrostatic forces are the result of charged patterns on the surface of 
proteins. The interactions can be from repulsive or attractive nature. According to 
Leckband and Israelachvili
16
 van der Waals interactions between similar molecules are 
always attractive, whereas electrostatic interactions are generally repulsive. Van der Waals 
interactions result from fluctuations of the electric dipole moment and are from short 
range. They can be estimated with the approach of Hamaker.
21
 
1.2 Protein interactions 3 
Electrostatic interactions between two proteins are dependent on their charge and the 
ambience conditions. The net charge of proteins can be varied via the pH-value. Protein 
molecules of the same kind have an equivalent net charge and therefore the interactions are 
repulsive. Even at the proteins isoelectric point (pI) of the protein with a zero net charge 
local charged groups at the molecule surface exist. Moreover the ionic strength can 
influence the electrostatic potential. For ionic strength of less than 500 mM the 
electrostatic potential can be approximated with the Debye-Hückel theory.
22
 
1.2.3 Osmotic potential 
The attractive force of the osmotic potential is present in protein solutions with additional 
macromolecules, like PEG or with high electrolyte concentrations. When the distance 
between two protein molecules is smaller than the diameter of the solute macromolecules, 
none of these can enter the intermediate space. This space is then filled with pure solvent 
and local concentration gradients are the result.
23,24
 Out of the developed osmotic pressure 
an attractive potential between the protein molecules arises. The protein molecules attempt 
to further decrease the distance between each other to reduce the osmotic pressure. This 
osmotic potential can be calculated according to Asakura and Oosawa.
23
 
1.2.4 Hydration forces and hydrophobic potential 
A liquid in contact with a surface acts as a non-random medium.
16
 On hydrophilic and 
charged patches on the protein surface a stable hydration layer develops. This layer can 
consist out of more than one layer, depending on number and distribution of the 




On the other hand hydrophobic patches on the protein surface can interact with each other. 
The resulting interactions are negligible when these patches are not freely accessible due to 
concavities or clefts.
18
 As well from minor influence are hydrophobic patches below a 
particular threshold size. The protein will precipitate, if these hydrophobic patches are 
bigger than 1 nm and freely accessible.
18
 The proteins minimize the total energy by 
aggregation to reduce the amount of exposed hydrophobic patches. According to van Oss
18
 
these hydrophobic interactions are the strongest and from longest range within the non-
covalent interactions. 
Hydrophobic interactions are strongly dependent on the protein properties. For 
comparison, the interactions between antibodies are besides van der Waals mainly from 
hydrophobic nature. On the other hand the protein BSA (Bovine Serum Albumin) consists 
of a high amount of hydrophilic patches. Therefore the interactions are mainly from hard 
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sphere potential and repulsive hydration forces, whereas hydrophobic interactions are 
negligible.  
1.2.5 Influence of solution parameters on protein interactions 
1.2.5.1 pH-value, buffer capacity and temperature 
The net charge of proteins in solution is dependent on the pH-value. At the isoelectric point 
of a protein, the net charge is neutral. For pH-values below the pI the net charge is positive 
and equivalently for pH-values above the pI negative. With low salt concentrations in 
solution these charges on the surface are not shielded. Hence, the pH-value influences the 
electrostatic interactions. The electrostatic interactions are more repulsive the higher the 
distance to the pI is. 
The buffer capacity can influence the protein interactions, especially in solutions of low 
ionic strength. A higher buffer capacity can result in a stronger shielding effect of charged 
surface groups due to the buffer salt ions. Thus, the repulsive interactions are reduced. 
Elevated temperatures reduce in particular hydrophobic interactions between the protein 
molecules.
26
 Nevertheless, proteins denature irreversible at the melting point and the 
denatured protein molecules aggregate.
27
 
1.2.5.2 Electrolytes and polymers as precipitants 
Protein molecules are charged depending on the pH-value of the solution. Repulsion 
between protein molecules is induced due to the same net charge. With the addition of salts 
an electrostatic double layer around the charges can be induced at the protein surface on 
the one hand. The charges of the protein are shielded and the repulsive electrostatic 
interactions reduced. On the other hand the protein surface is surrounded by a hydration 
layer, as mentioned in chapter 1.2.4. This hydration layer can be influenced in its structure 
as well by the addition of salts. In concentrated salt solutions salt ions compete with the 
charged protein patches for water molecules. When the interaction of the salt ions with 
water molecules is stronger, the protein will be dehydrated. Then the repulsive hydration 
forces are reduced and the attraction increases. The degree of interactions depends on the 
properties of the protein surface and on the salt ions themselves.
28
 
Further influencing factors are polymers. A sufficient concentration produces an osmotic 
potential, which has been mentioned in chapter 1.2.3. The higher the molecular weight or 
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1.3 Osmotic virial coefficients 
As mentioned before, it is neither possible to measure the potential of mean force nor to 
calculate it without approximations. However, there is a relation between the potential of 
mean force and the non-ideality in osmotic pressure of solutions. Ideal behavior describes a 
solution without any molecule interactions. To describe the non-ideality of fluids 
thermodynamically, virial equations expand the ideal equation of state with terms to 
comprehend the non-ideality. Osmotic virial coefficients are parts of these additional 
terms. They describe the magnitude and the direction of the overall apparent interactions. 
Its theoretical background is explained in detail in the subsequent two chapters.  
1.3.1 Osmotic second virial coefficient (B22) 
The origin of virial coefficients is a virial series expansion of the osmotic pressure. The 
non-ideality of the osmotic pressure π for a solution of one kind of macromolecules in a 
dilute solution can be expressed by: 
 𝜋 = 𝑅𝑇𝑐𝑃 (
1
𝑀𝑊
+ 𝐵22𝑐𝑃 + ⋯ ) (1.1) 
Parameters are the universal gas constant R, the temperature T, the protein concentration cP 
and the molecular weight of the protein MW. The non-ideality results from weak 
interactions between two molecules of the same kind. As mentioned before (chapter 1.3) 
the magnitude and direction is described by the osmotic second virial coefficient (B22). 
Repulsive interactions between molecules result in positive, attractive ones in negative B22-
values. The overall potential of mean force W(r, Ω1, Ω2), which is not directly measurable 
can be determined with this B22 as follows:
15,30,31
 
 𝐵22 = −
𝑁𝐴
𝑀𝑊
2 ∫ ∫ ∫ [𝑒𝑥𝑝 (
−𝑊(𝑟, Ω1, Ω2)
𝑘 𝑇




Where k is the Boltzmann constant, NA is the Avogadro constant, r the center-to-center-
distance of two protein molecules in solution and Ω1 as well as Ω2 the rotation angles 
defining the orientation of both molecules towards each other.  
1.3.2 Osmotic second cross virial coefficient (B23) 
The result of two different (protein) macromolecules interacting with each other is a non-
ideal behavior of the solution. Via virial expansion of the osmotic pressure π, the equation 
of state can be described with the equation:  
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2 + 2𝐵23𝑐2𝑐3 … ) (1.3) 
The parameters c2 and c3 represent the concentrations of two different macromolecules, 
MW,2 and MW,3 the corresponding molecular weights. The Bii are the osmotic second virial 
coefficients of molecules from the same kind. The B23 is the osmotic second cross-virial 
coefficient and characterizes the interactions between two different molecules. The 
expansion can be truncated for diluted solutions. Over the B23 the potential of mean force 
can be approximated: 
 𝐵23 = −
𝑁𝐴
𝑀𝑊,2𝑀𝑊,3
∫ ∫ ∫ [𝑒𝑥𝑝 (
−𝑊(𝑟, Ω1, Ω2)
𝑘 𝑇




Where Ω1 and Ω2 are the possible angular positions/orientations of the two different and 
interacting molecules. 
1.4 Phase behavior of proteins in solution 
The phase behavior of proteins differs corresponding to properties and size of the 
molecule. Proteins do not have a triple point with coexisting gas, liquid and solid states, 
due to their complex molecular structure.
32
 They show in fact additional polymer like 
behavior. Proteins can remain stable in solution, precipitate reversibly as well as 
irreversibly, can crystallize, separate into a protein dense and poor phases and build a gel 
phase. Whereas gelation and irreversible precipitation are kinetically induced,
33
 the others 
can be thermodynamically described. 
1.4.1 Protein crystallization 
The phase behavior is dependent on the grade of saturation s
*







∗  (1.5) 
With the protein concentration cP and the saturated protein concentration c
*
P.  
A solution is undersaturated or respectively saturated with s
*
 ≤ 1 and the protein remains 
stable in solution, as the thermodynamic equilibrium is given. For solutions in the 
supersaturated range with s
*
 > 1, the equilibrium concentration is exceeded. This is an 
essential but not mandatory requirement for a phase transition. The driving force enables 
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crystallization or precipitation. The theoretical background is given by the Gibbs energy 
ΔG: 
 Δ𝐺 = ΔH − T ΔS (1.6) 
The change in the Gibbs energy ΔG is equal to the change in enthalpy ΔH minus the 
product of Temperature T and change in entropy ΔS. The energy reference is always the 
state with monomers in solution. Aggregation is only possible, if the equilibrium energy 
state is reduced (ΔG < 0). The entropy of an aggregate is always smaller than in solution 
and thereby –T ΔS > 0. Thus, the change in enthalpy from solution to aggregate has to be 
negative and in absolute terms larger than the entropy term. In figure 1.1 the free energy of 
aggregates is plotted in dependency of their size. If only small aggregates form in solution, 
the enthalpy cannot compensate the increased entropy term, because of too many free 
intermolecular binding positions on the surface of the aggregates. The aggregates grow in 
size with increasing supersaturation, which is induced by higher precipitant or protein 
concentrations. As the surface to volume ratio decreases the enthalpy rises. When a critical 
aggregate size is reached (ΔGc), ΔG can be reduced and the nuclei are stable. Higher 
protein or precipitant concentrations result in a lower energy barrier. If the energy barrier is 
not overcome, the solution remains in a metastable state.  
In contrast to this homogeneous crystallization, heterogeneous crystallization can be 
enabled with seeding particles or application of energy to reduce the natural energy barrier 
ΔGc and increase the probability of crystallization.
35,36
 The following growth of the crystal 
out of the nucleus, takes place due to a protein concentration gradient from the solution to 
the lower concentrated boundary layer of the crystal. For non-diffusion limited 
crystallization, the growth rate can be accelerated by convective mass transport.
35
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Figure 1.1:  Free energy of aggregates in dependency of aggregate size
35
 
In the case of precipitation the energy barrier ΔG is so small, that the instantaneous 
aggregation to very small and disordered aggregates already reduces the energy. A further 
reduce in energy is possible due to inter particular transition like Ostwald ripening. 
Thereby crystals can also grow out of precipitate.
37
 The crystallization and precipitation is 
terminated when the saturation and thereby the equilibrium is reached.
35
 
1.4.2 Liquid-liquid separation 
The liquid-liquid phase separation (LLPS) is the separation of protein solutions in a protein 
dense and protein poor phase. It is the result of short range and strong anisotropic 
interactions between the molecules. This behavior can be described by the Gibbs energy of 
the solution ΔG. In figure 1.2 the Gibbs enthalpy is plotted over the volume concentration 
in dependency of the temperature. For high temperatures, the Gibbs energy has only one 
minimum. Below a critical temperature Tc the developing shows two local minima. This 
developing can be transferred to the plot of the temperature over the volume concentration. 
The points with the same slope build the binodal and the inflection point represents the 
spinodal. For temperatures above the Tc and above the binodal separation of protein 
solutions into two phases is not possible. For T < Tc the separation range can be metastable 
for concentrations between the binodal and the spinodal or instable in the range between 
the spinodal line. The critical point is the point in which the binodal and the spinodal have 
the same value.  
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1.4.3 Phase diagrams 
The protein phase behavior is amongst others dependent on the in chapter 1.2.5 mentioned 
parameters. These dependencies can be best explained with phase diagrams. A common 
plot is the protein concentration as a function of the precipitant concentration with a 
distinction in different regions, which is exemplarily shown in figure 1.3. The solution is 
undersaturated for low precipitant and protein concentrations. The solubility line describes 
the transition to a saturated solution. The metastable region is divided into a region, where 
crystals can only grow when nuclei are present and the labile region in which the 
homogeneous nucleation occurs. In the precipitation range the supersaturation is so high, 
that the protein aggregates as amorphous precipitate. The boundaries between the different 
phases cannot be exactly determined, because systems are often also dependent on kinetic 
phenomena and can be kinetically hindered.
35,38,39
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Figure 1.3:  Protein phase diagram
35,38,39
 
However, for all proteins exist a liquid-liquid phase separation (LLPS) range.
14,32
 
Therefore the phase diagram in figure 1.4 is expanded by this region. The x-axis describes 
the protein volume fraction as a measure of protein concentration, whereas the precipitant 
concentration is plotted on the y-axes. Moreover the y-axis is expanded to the temperature 
and the B22. To plot the B22 has the advantage, that this parameter can be seen as universal. 
It combines in only one parameter influences such as temperature, the salt type and their 
concentration.
33
 Again, the stable range of solved protein is at low protein and precipitant 
concentrations. The solubility line characterizes the saturated solution. Below this line, the 
solution is metastable. Crystallization can occur, when nuclei are in solution. The solution 
then separates in the solid part and the saturated solution.  
Depending on whether the phase transition occurs in the liquid-solid region or in the LLPS 
range, crystals develop until the (liquid-solid) solubility line is reached or a separation in a 
protein solution of high protein concentration and a second with low protein concentration 
occurs, with its equilibrium on the binodal. The latter is instantaneously within the 
spinodal region. Again this equilibrium can be metastable as well and crystallization can 
happen out of this liquid-liquid separation. This can occur for LLPS conditions below the 
solubility line as shown in the phase diagram on the left side in figure 1.4 for all binodal 
points. When the solubility line crosses the binodal and spinodal, the LLPS is stable in the 
range above the solubility line (figure 1.4, right). 
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1.4.4 Theoretical calculation of phase diagrams 
Solubility line, binodal and spinodal of protein phase diagrams (figure 1.4) can be modeled 
with thermodynamic approaches.
33,40,43,44
 Haas et al.
14,40,43
 correlated experimental 
solubility data of varied pH, temperature, salt type and different salt concentrations with 









𝑧⁄ − 1}] (1.7) 
The parameter ρP is the protein density, ϕS is the volume fraction of the protein at 
saturation, z the coordination number of the protein crystals and m = Ω/ω the number of 
water molecules, which have the same volume like one protein molecule. Ω is the volume 
of protein molecules, ω the molar volume of the water divided by the Avogadro number 
and A the single free adjustable parameter: 
 𝐴 = 𝑝(𝜈3 − 1) (1.8) 
This parameter A depends on the anisotropy p and the range of interaction ν. The 
anisotropy is limited to 0 < p ≤ 1, whereby p = 1 describes isotropic interactions. The most 
common coordination numbers of protein crystals are z = 4 to z = 6.
14
 The solubility s is 
described by the transformation and multiplication with the density: 
 𝑠 = 103𝜌𝑃𝜙𝑠  (1.9) 
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Except the B22 the other parameters of are only little dependent on further solution 
conditions. Thus, the solubility line can be seen as universal. This is shown exemplary by 
Haas and Drenth
40
 for lysozyme with the parameters MW = 14000 Da, ρP = 1.36 g cm
-3
, 
z = 4 and A = 0.01. 
Moreover the whole Liquid-liquid phase separation (LLPS) can be calculated 
thermodynamically over the interaction parameter B22.
33
 In combination with the solubility 
line a universal phase diagram is obtained. The basis for the LLPS-calculation is the Gibbs 









) 𝑔𝜆 + 𝑘𝐵𝑇𝜙 ln (
𝜙
𝑚
) − 𝑘𝐵𝑇 {
𝜙 − 6𝜙2 + 4𝜙3
(1 − 𝜙)2
}] (1.10) 
The volume fraction of the protein is described by ϕ, the volume fraction of the protein in 
the crystal by ϕc and the protein-protein interactions are described by the parameter gλ: 
 𝑔𝜆 = 𝑘𝐵𝑇𝜙𝑐(𝐵22𝑀𝑤𝜌 − 4) (1.11) 
Thereby the corresponding phases in the LLPS at the binodal ϕα and ϕγ are calculated by: 











































= 0 (1.15) 
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1.5 Screening of protein crystallization conditions 
Crystallization is a multivariate problem. Alone more than 400 different precipitants are 
provided in the Biological Macromolecule Crystallization Database.
45
 Moreover the 
dependency on pH, protein and precipitant concentration expand the parameter space 
several fold to an infinite amount of screening conditions. Different screening strategies 
exist to reduce the number of experiments to a realizable size for the screening. The phase 
behavior, especially crystallization is then analyzed in dependency of varied parameters. 
Most screenings are based traditionally on empirical trial and error studies.
46,47
 An 




Figure 1.5:  Screening strategies for protein phase behavior
45
 
In random samples the parameters are randomized chosen. Sparse matrix screens consist of 
a wide parameter space in which some discrete points are tested. With these conditions 
various pH-values, salts and precipitants can be screened.
48,49
 The first sparse matrix 
screens were developed by Jancarik and Kim.
49
 Various modified screens can be purchased 
now from different companies (Hampton Research, Jena Bioscience), whereby preparation 
and implementation are simplified for high throughput. Other screening strategies are the 




With design of experiments, the screening conditions can also be adjusted. Thereby the 
parameters are varied systematically and different parameters are changed simultaneously. 
A regression analysis was applied successfully by Carter et al.
50
 
Other approaches are rational screenings. These screenings are based on the knowledge of 
the protein phase behavior. Examples are the implementation of the Hofmeister series on 
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crystallization of lysozyme,
51
 the correlation between osmotic second virial coefficient and 
protein phase behavior
40,44,52
 and considerations of different physical properties.
53
 
1.5.1 Empirical screening approaches 
Besides the in chapter 1.2.5 mentioned influencing parameters, the phase behavior is also 
dependent on how the experiments are conducted. In literature
39,54,55
 different 
implementations to conduct crystallization experiments exist. They are summarized in the 
figure 1.6. The phase diagram with its different regions is adopted from figure 1.3. 
 




In batch experiments (figure 1.6 A) is the protein stable in the starting buffer. By mixing 
the protein with the precipitant, the crystallization is induced. The evaporation is avoided 
by closing the reaction tube with a foil or an oil layer. Over the whole experimental time 
the conditions are not modified. One advantage is that the conditions can be defined 
accurately.  
To conduct vapor diffusion experiments (figure 1.6 B) two different designs are generally 
used: Sitting drop or hanging drop. Both are based on the same mechanism. At the 
beginning, the protein solution is undersaturated in reaction tube or as a drop on a 
coverslip. In the reservoir the precipitant is located in a high concentration. These two 
solutions are connected over a gas phase, but completely sealed from the environment. A 
vapor pressure gradient is the result. The water diffuses out of the protein solution with the 
higher vapor pressure to the reservoir with the lower vapor pressure. The protein 
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concentration and the concentration of the non-volatile components increase with the 
duration of the experiment until the equilibrium is reached. Problems connected with this 
method are the uncontrolled change of conditions, like the reaction volume, the pH or the 
temperature. 
The dialysis method also utilizes the diffusion effects (figure 1.6 C). However, the protein 
solution and the precipitant solution are separated by a semipermeable membrane. The 
precipitant can pass through the membrane, whereas the protein remains on the one side of 
the membrane. Since the protein reservoir is of a constant volume, only the precipitant 
concentration increases over the experiment. 
The free-interface diffusion (FID) method is also based on diffusion (figure 1.6 D). Protein 
and precipitant mixtures are juxtaposed and the diffusion occurs from one solution into the 
other over capillaries. Thereby the resulting concentration gradient is time dependent.
39
 
1.5.2 Screening of thermodynamic properties 
For the research on protein molecules the osmotic second virial coefficient (B22) was first 
applied to measure interactions between molecules of the same kind. Meanwhile it is 
common either to attempt a prediction of protein phase behavior, in regard to 
crystallization or to increase the solubility of proteins. In 1994 George and Wilson
52
 found 
a small range of slight negative B22-values, where the probability of crystal growth of 
various proteins is high. This range from -8·10
-4




 mol mL g
-2
 is called 
“crystallization slot”. Pjura et al. and Gabrielsen et al.
56,57
 confirmed this statement. They 
induced crystallization for bovine chymotryspinogen A without any precipitant and a 
membrane protein after optimization of the conditions by means of a B22–analysis. 
Moreover Haas et al. and Ruppert et al.
40,44
 explained theoretically the connection between 
B22 and solubility. The implementation of positive B22-values in a rapid high solubility 
screening for lysozyme and an IgG1-antibody is shown in literature.
58,59
 
In recent years the interest on interactions between two different macromolecules arises. 
Relevant pairs are target protein-contaminant or protein-polymer. These interactions can be 
described by the osmotic second cross virial coefficient B23. By means of this value the 
impact of interactions on phase behavior and its kinetics can be analyzed. 





 and Cheng et al.
62
 successfully applied the B23 on a separation problem 
with the model proteins lysozyme and ovalbumin. Further successful applications were the 
optimization of diafiltration sieving behavior of lysozyme-BSA mixtures
64
 and the 
prediction of liquid-liquid equilibrium, as well as protein partition coefficients in aqueous 
two-phase system.
65
 In a good first approximation Yousef et al.
66
 modeled the osmotic 
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pressure of concentrated binary protein solutions with a free-solvent model by including 
interactions of protein to protein. The protein mixture of lysozyme and BSA was described 
with the modified Lennard-Jones potential (MLJ) by Choi et al.
60
 
By different measurement techniques like membrane osmometry, self-interaction 
chromatography or static light scattering, their determination is possible. The static light 
scattering and the self-interaction chromatography are described in more detail in the 
following subsections.  
1.5.2.1 Static light scattering 
With the static light scattering the so called “static” parameters of the protein can be 
determined. These are the radius of gyration, the molecular weight and the B22. Therefore 
the solution of macromolecules is irradiated with polarized light of a distinct wave length. 
The incidence of the beam on a macromolecule results in scattering of parts of the beam. 
This intensity of the scattered light iS is then measured under different detector angles θ 










⋅ ᾱ2 (1.16) 
According to Rayleigh, this ratio is dependent on the wavelength λ of the irradiated light, 
the average polarizability of the macromolecules ᾱ, the distance between the detector and 
the molecule d, as well as the factor of polarization of the light f. The macromolecule-













Herein the macroscopic parameters are the refractive index increment dn/dc and the 
refractive index of the solvent n0. The Rayleigh ratio Rθ makes the static light scattering 

















Optical parameters can be combined in the optical constant K: 











With the wavelength of the incident vertically polarized light in vacuum λ. Hence, from the 


















+ 2𝐵22𝑐𝑃 + ⋯ (1.22) 
Rϴ is for most proteins within the Rayleigh limit (r < λ/20). Therefore these proteins are 
isotropic light scattering molecules and the Rϴ is proportional to scattered light intensity.  








































Therefore the osmotic second virial coefficients Bii need to be obtained in separate 
experiments.  
1.5.2.2 Self-interaction chromatography 
Self-interaction-chromatography is a method to measure weak interactions of repulsive or 
attractive nature between protein molecules. Therefore the retention behavior of a protein 
sample is analyzed in two different columns and the results are compared. Both columns 
18 1 Introduction 
are identical, only that one is modified with the protein of interest. The unmodified one is 
necessary to compensate for the size-exclusion effect of the column material. The direction 
of interaction between immobilized protein and the one in solution can be determined from 
the comparison of retention volume for both experiments. If the protein elutes earlier in the 
column with immobilized protein, interactions are repulsive. Higher retention volumes in 
the column with immobilized protein result from overall attraction.  
In principle the distribution coefficient KSEC for retention behavior of a protein sample in 








Where Vr is the average retention volume of the mobile protein, V0 the interstitial or extra-
particle column volume, Vt the total mobile phase volume and Vi the intraparticle pore 
volume, which is defined as the difference of Vt and V0 (Vi = Vt-V0). 
If an immobilized column is used, the distribution coefficient Koverall is then: 
 𝐾𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝐾𝑆𝐸𝐶 + 𝐾𝑎𝑓𝑓 𝐾𝑆𝐸𝐶  (1.26) 
Kaff describes the interaction which is evoked by weak interactions between the 
immobilized and the mobile protein molecules in the sample. The mathematical and 
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𝑉𝑖
 (1.27) 
Where q is the amount of adsorbed protein per volume of resin, cP the protein 
concentration of the mobile phase, m the amount of resin in terms of volume, ΔVr,aff the 
change in retention volume caused by interaction and ΔG the free energy change. The latter 
is due to the motion of a single mobile phase molecule from the interstitial volume into the 
pore volume, where it interacts with one single immobilized protein molecule. 
As Ahamed et al.
68
 mentioned this equation is generally applicable for low protein load in 
the mobile phase, because the slope of the linear region of an adsorption isotherm is related 
to the potential of the mean force between molecules. With the assumption that the lower 
limit of the separation integral is set to 0 and by summing over all immobilized protein 
molecules the following equation results:
69
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Where N is the total number of immobilized protein molecules accessible for mobile 
protein molecules. According to literature
17,68
 the deviation due to the hard sphere 
contribution term is insignificant, and can therefore be neglected in the lower limit of the 
separation integral. The combination of equation (1.28)with equation (1.2) allows the 











Where mP = (MW N)/NA is the mass of immobilized protein.  
Under the following assumptions the equation (1.29) is valid:
68–71
 
 The same adsorber material is used for the non-immobilized and immobilized 
column and the protein does not interact with adsorber material.  
 The protein structure and the orientation of the immobilized protein are not 
affected by immobilization. Therefore the ΔG(r, Ω1, Ω2) in eq. (1.27) is equal to 
ΔW(r, Ω1, Ω2) in equation (1.29). 
 The diameter of the pores has to be significantly bigger than the diameter of the 
protein. 
 The interaction of one single mobile protein molecule occurs with only one 
single immobilized protein molecule at the same time. 
 𝐾𝑎𝑓𝑓 𝐾𝑆𝐸𝐶 =






2 Motivation and Research Proposal 
The rapid growth of bio pharmaceutics and therapeutics for example in the anti-cancer and 
autoimmune therapy illustrates the high potential of monoclonal antibody based products. 
The upstream processing of these molecules has been a major research area, while 
downstream processing is often neglected. Protein crystallization involves protein 
stabilization at high titer and is a promising alternative compared to chromatographic 
methods for purification and formulation in downstream processing.
10,12,13,72
 However only 
few applications of protein crystallization exist and antibody crystallization is even more 
challenging due to their large molecule size and therefore corresponding complexity.
10
 To 
make crystallization competitive to other downstream techniques it is essential to develop 
strategies for successful screening processes with less trial numbers as well as 
experimental time. At the end a fundamental understanding of protein phase behavior is 
required. This would not only increase the success of protein crystallization due to a fast 
process development and scale up but also enables a simplified optimization of other 
downstream processing steps. 
As described in detail in chapter 1, an unlimited number of parameters like pH-values, 
precipitant types and concentrations influence the protein phase behavior in different 
manners. Appropriate crystallization conditions have to be found in the multivariate 
parameter space. Screenings for crystallization conditions are still challenging because 
they are often conducted in trial and error experiments.
39,45
 Thereby neither fundamental 
understanding of phase transitioning occurrence is gained nor is an allocation of 
responsible protein properties possible.
45
 A typical screening set-up is illustrated in figure 
2.1 at the top. Screening kits are composed of different kinds of precipitants at different 
pH-values and mixed together with the respective protein. Additionally, different buffer 
types are often used for protein and precipitants. After a distinct time period (the 
equilibration time) experiments are analyzed. Samples showing a promising result of 
protein phase behavior are further used for investigations. Protein and precipitant 
concentrations are varied in two dimensional phase diagrams, while other conditions and 
precipitants are neglected, although they might be more appropriate in another 
concentration range or at another pH-value. 
One aim of this work was to develop a systematic and sophisticated screening method for 
protein phase behavior determination. By variation of different parameters more 
information can be obtained out of the conducted experiments. The influencing 
“parameters” of the sample conditions listed in figure 2.1 on the left can be easily 
determined experimentally or theoretically. “Characteristic” parameters on the right in 
2 Motivation and Research Proposal 21 
figure 2.1 like nucleation or crystallization kinetic, crystal size and solubility can be 
determined during the experiment. The result is a high amount of supplementary 
information about the protein phase behavior and influencing factors. 
As illustrated in figure 2.1 below, protein phase behavior results from protein-protein 
interactions in solution. These interactions can be described with the osmotic second virial 
coefficient B22. In literature different empirical and theoretical approaches exist for model 
proteins to correlate this parameter with protein phase behavior.
43,52
 However, it is unclear, 
how this information can be applied to characterize the phase behavior of monoclonal 
antibodies. Therefore, another aim was to characterize the protein-protein interactions via 
B22 and cross-interactions between protein and precipitant via osmotic second cross-virial 
coefficient B23 and to find correlations between B22 respectively B23 and antibody phase 
behavior. Screening procedures were refined to create deep insights as well as 
understanding of the phase behavior of antibodies. Another objective on this pathway was 
the identification of application limits for empirical and thermodynamic approaches to 
correlate the B22 to protein phase behavior. From the above, four different opportunity 
fields were identified and are subsequently outlined. 
 
Figure 2.1:  Schematic illustration of the research proposal 
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In chapter 3: Self-interaction Chromatography in Pre-packed Columns: A Critical 
Evaluation of SIC Methodology to Determine the Second Virial Coefficient the aim was 
to find an appropriate method to analyze the B22 using the model protein lysozyme. In 
literature various methods exist, which are based on different physical principles.
68,73
 
Besides the static light scattering (SLS) as a traditional method, in particular the Self-
Interaction-Chromatography (SIC) gained our interest due to its low protein consumption 
and less additional equipment. By the development and validation of a preparation process 
in pre-packed columns and characterization of protein load with a partial least squares 
regression the experimental effort could be successfully reduced. However, deviations 
between B22-values from SIC experiments were found in literature
68
 as well as between 
B22-results of SLS and SIC. Reasons might be the invasive character of this method and the 
need to fulfill different related prerequisites. Hence, a detailed analysis of the influencing 
parameters was conducted with focus on the influence of protein binding on the adsorber 
on the later B22-determination. In particular the influence of the amount of bound protein 
on the adsorber particle surface and the binding orientation were analyzed. Based on the 
results a method of choice was recommended. 
Establishing a buffer system with a constant buffer capacity from pH 5 to 9 for 
crystallization screenings as conducted in chapter 4: Moving Through Three-
dimensional Phase Diagrams of Monoclonal Antibodies offers some advantages 
compared to conventional crystallization condition screenings with screening kits.
45,49
 
First, the amount of influencing parameters can be reduced, when protein and precipitant 
are prepared with the same buffer. Second, phase diagrams are one strategy to 
systematically analyze the influence of different parameters on protein phase behavior. 
Third, by developing a semi-automated platform the influence of fluid phase conditions 
and precipitants can be systematically investigated. The buffer system enabled one to 
analyze the precipitant and protein concentration as a function of pH over a broad pH-
range in detailed three-dimensional phase diagrams. By using an automatic imaging system 
the characterization of phase behavior could be expanded to further parameters. Besides 
the phase behavior and the crystal form and size after a distinct time, the times at which 
first structures are visible in samples were determined as parameter for the nucleation and 
crystallization kinetic. The objective was the implementation of a systematic screening 
method with a buffer system and additional analytics. The screening was conducted with 
three different antibodies and various common used salts as precipitants. The empirical 
Hofmeister series describes the salting out strength of salts on proteins.
74,75
 Different 
modified series exist in literature depending on the protein and on its net charge.
76–78
 Since 
the antibodies are positively charged over a broad pH-range, some authors expect the 
reverse Hofmeister series.
78,79
 One goal was to analyze the feasibility of the Hofmeister 
series for antibodies and the pH-dependency of antibodies on the salting out effect. 
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Another objective was to gain theoretical understanding about ongoing processes in 
solution by combining the systematic approach of the buffer system with a thermodynamic 
analysis. Therefore the qualitative conclusions of chapter 4 were further analyzed by 
means of protein-protein interactions with the thermodynamic factor B22 in chapter 5: 
From Osmotic Second Virial Coefficient (B22) to Phase Behavior of a Monoclonal 
Antibody. According to studies with model proteins in literature,
52,73
 the crystallization 
probability of proteins is higher in a range of slight negative B22-values, namely the 
crystallization slot. However, for large molecules like antibodies some authors
80,81
 
recommend a smaller crystallization slot closer to zero, others
41
 could not find any 
correlation. The aim was to investigate whether empirical ranges in form of a 
crystallization slot allow a general description of phase behavior. It would be beneficial to 
have a universal phase diagram based on thermodynamic principles to control protein 
phase behavior. However, it is questionable if simple models can describe the 
compositions of the different aggregation states and the protein concentration dependency 
for a complex molecule like a monoclonal antibody or if kinetic phenomena and the 
complexity of the molecule have to be taken into account. Therefore, experimental 
strategies were developed to characterize the compositions of different aggregation states 
and to compare these data to theoretically modeled ones. The aim was to outline which 
simplifications of thermodynamic principles including the B22 are applicable to describe 
phase behavior of complex large molecules such as monoclonal antibodies and to point out 
the limits of this thermodynamic factor. 
According to Finet et al.
82
 PEG has a high potential to induce crystallization for large 
proteins. Moreover the strength of interaction can be adjusted over the molecular weight. 
Another aim was to answer questions like how the antibody phase behavior is influenced 
by PEG, which role play the PEG molecular weight and the pH and how the phase 
behavior differs from that with salts in chapter 6: Influence of Macromolecular 
Precipitants on Phase Behavior of Monoclonal Antibodies. It was attempted to gain 
additional fundamental understanding with the new approach of analyzing cross 
interactions between protein and PEG with the measured osmotic second cross virial 
coefficient (B23). Another goal was to analyze how and if the use of B22 and B23 lead to a 
predictive description of protein phase behavior for systems consisting of monoclonal 
antibodies and PEG as precipitant. 
The findings of the above named questions and tasks are presented and discussed in four 
research papers in the following chapters. 
3 Self-interaction Chromatography in Pre-
packed Columns: A Critical Evaluation of SIC 
Methodology to Determine the Second Virial 
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Abstract 
The characterization of protein-protein interactions is commonly conducted via self-
interaction chromatography to describe magnitude and direction of the interactions with 
the resulting osmotic second virial coefficient (B22). However, the method is invasive and 
protein immobilization on the adsorber surface can influence the results obtained. In order 
to replace batch immobilization procedures followed by a column packing, direct 
on-column preparation was optimized in terms of protein immobilization under a 
continuous flow. Surface load was measured applying a novel method based on partial 
least squares analysis of spectral scans to reduce analytical error when determining the 
amount of immobilized protein. Subsequently influencing parameters such as the effects of 
absolute surface load, injected protein concentration and distribution of protein orientation 
were analyzed and system performance evaluated. The results disprove the consistency of 
the SIC method regarding the non-random orientation of proteins on adsorber particles. 
Thus the determined B22-values differ quantitatively from those determined with static 
light scattering. Furthermore, variations in immobilization conditions influence the results 
obtained. These results make clear that SIC does not fulfill the theoretical framework of 
B22-analysis. It is rather a qualitative measure of protein-protein interactions in the 
respective system used for experimentation. 
3.1 Introduction 
Phase behavior of proteins is currently one of the key parameters determining protein 
purification but even more formulation strategies. Ever higher product titer, the search for 
alternative processing steps in the mAb industry as well as the drive toward highly 
concentrated formulations make it mandatory to get a deeper understanding into protein 
phase behavior, solubility issues and rheological parameters of solutions of high protein 
concentrations. 
A widely used predictive method to describe phase behavior of proteins in solution is the 
application of the osmotic second virial coefficient (B22). It is a promising fundamental 
thermodynamic approach to evaluate buffer conditions in terms of protein stability and 
phase behavior [1–3]. With this approach interactions between molecules of the same type 
in a diluted solution are characterized. The magnitude and sign of the B22-value indicates 
whether attraction or repulsion dominates. While a negative value corresponds to 
attraction, repulsion results in a positive B22. This can be applied to estimate the phase 
behavior of concentrated protein solutions. George and Wilson [4] postulated that in the so 
called “crystallization slot”, a small range of slight negative B22-values, the probability of 
crystal growth of various proteins is high. Pjura et al. [5] optimized crystallization 
conditions by choosing liquid phase compositions with B22 within this crystallization slot 
and could crystallize bovine chymotryspinogen A without any precipitant. Even the crystal 
structure of a membrane protein could be determined after optimization with B22-screening 
via X-ray diffraction by Gabrielsen et al. [6]. On the other hand the screening for positive 
B22-values could be used for a rapid determination of high solubility formulation 
conditions [1]. Le Brun et al. [7] for example could increase the stability of an IgG1 
antibody in solution with a B22-buffer screening. A theoretical explanation for the 
connection between B22 and solubility is published by Haas et al. and Ruppert et al. [8,9]. 
To determine the B22 different colloidal measurement techniques are described in literature 
such as membrane osmometry [5,10], sedimentation equilibrium measurements [11], self-
interaction chromatography (SIC) [6,11–13] and static light scattering (SLS) [14–16]. 
Because of the low protein and time consumption SIC is the most commonly applied 
technique in literature and most of the mentioned studies were conducted with this 
technique. The self-interaction of different kinds of proteins such as membrane proteins 
[6], antibodies [17,18] or the model proteins [3,19,20] were analyzed either to increase the 
solubility or to find crystallization conditions. Based on these results García et al. [21] and 
Deshpande et al. [22] further reduced the required volume by applying the SIC on 
microchips. Therefore the SIC is object of a thorough investigation in terms of 
immobilization technique and comparability of the results to static light scattering 
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experiments. SIC is based on the comparison of protein retention behavior in a column 
with immobilized protein of the same kind to its behavior in an unmodified column. Weak 
interactions between free protein in the mobile phase and immobilized protein result in a 
shift in retention volume revealing the nature of their interaction. But covalent 
immobilization itself is an invasive methodology changing protein properties by 
eliminating surface charges while leaving only certain parts of the protein accessible to the 
solvent [23]. The question however arises in how far the immobilization procedure 
influences the results of a B22 measurement? As B22 is considered a physical characteristic 
of protein and buffer systems used, the analytical technique as such should not influence 
the outcome of analysis. Potential sources of error such as the kind of adsorber material 
[20], the immobilization degree [3,24] or the injected protein concentration [3,20] have 
been identified. However the influence of the buffer conditions during immobilization on 
B22-values and the distribution of protein orientation in the adsorber particles have so far 
not been addressed. 
To shed some light into this, we followed a new approach for preparing a SIC set-up that is 
based on the treatment of activated adsorber particles in pre-packed columns under 
continuous flow conditions. This includes immobilization of proteins and blocking of 
remaining active groups on the adsorber particle surface. The uniformity of protein 
distribution after immobilization on the adsorber particle surface and along the column was 
monitored via confocal laser scanning microscopy (CLSM). The overall immobilization 
degree was determined from the mass balance of remaining protein in the coupling buffer 
[13,20]. Since a part of the reactive compound on the adsorber particle surface is released 
during immobilization reaction that shows UV absorption at 280 nm, the time consuming 
bicinchoninic acid (BCA) assay is mostly used for analytics [1,7,13,20]. In this paper we 
used an alternative approach that allowed direct quantification of protein in the coupling 
buffer using its unique absorption spectrum by applying partial least squares (PLS) 
regression [25]. 
Following a reproducible and well characterized preparation of a SIC analytical set-up, the 
following parameters were systematically investigated regarding to their effect on the B22: 
the injected protein concentration, the adsorber particle surface load and the buffer 
conditions during the immobilization procedure. Finally, the obtained SIC B22-values were 
compared to SLS-data. 
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3.2 Theory 
3.2.1 Osmotic second virial coefficient (B22) 
The osmotic second virial coefficient (B22) describes magnitude and direction of non-
ideality of the osmotic pressure π in a dilute solution. It is part of the virial expansion of 
the osmotic pressure π:  
 𝜋 = 𝑅𝑇𝑐𝑃 (
1
𝑀𝑊
+ 𝐵22𝑐𝑃 + ⋯ ) (3.1) 
Parameters are the universal gas constant R, the temperature T, the protein concentration cP 
and the molecular weight of the protein MW. The reasons for the non-ideality are weak 
interactions between two molecules of the same kind in a dilute solution. These 
interactions are based on excluded volume, electrostatic interaction, osmotic potential, 
hydrophobic and short range interactions (van der Waals, solvation, hydrogen bonding) 
[26–28]. Interactions between proteins can be described via the potential of mean force 
W(r, Ω1, Ω2), which is correlated to the B22 [20,29,30]: 
 𝐵22 = −
𝑁𝐴
𝑀𝑊
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Where k is the Boltzmann constant, NA is the Avogadro constant, r the center-to-center-
distance of two protein molecules in solution and Ω1, Ω2 the rotation angles defining the 
orientation of both molecules toward each other. According to equation (3.2) the B22 
contains information about apparent intermolecular forces. Repulsive interactions between 
molecules result in positive, attractive ones in negative B22-values.  
The potential of mean force W(r, Ω1, Ω2) is defined as the work required to bring two 
indefinitely separated protein molecules to a finite separation r averaged over all possible 
configurations of the solvent molecule, assumes that the potential of mean force is 
spherically symmetrical and only accounts for a two body protein-protein interaction [24]. 
For a chromatographic system where one of the interaction partners is immobilized this 
relationship does not apply and several studies have correlated the distribution factor KD to 
the potential of mean force between the mobile molecule and the stationary phase 
[3,20,24]. Different approaches in the respective correlations accounted for the 
experimental differences. Tessier et al. [3] added a separate excluded volume contribution 
to reach their final B22-value. Teske et al. [24] argued this to be redundant as they 
measured a retention volume in excess of that for a protein-free stationary phase. Ahamed 
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et al. [20] followed the approach of Teske et al. [24], however, relating the B22 to 
distribution coefficients to KSEC and Koverall allowing more flexibility in the experimental 
set-up. However when comparing data obtaining when measuring B22 in free solution 
addressing equation (3.2) with the chromatographic determination of the B22 in SIC several 
prerequisites are set [3,12,20,24]: 
 Adsorber material: usage of inert adsorber material with no interaction of the 
protein and the adsorber material. A pore diameter which is significantly larger is 
size than the protein diameter. 
 Immobilized protein: random orientation of the immobilized protein and structure 
conservation. Therefore the free energy change of bringing a protein molecule from 
the interstitial volume into the pore volume so that it interacts with a single 
immobilized protein molecule is equal to the potential mean force between two 
protein molecules free in solution. 
 Interaction: one single free protein molecule interacts with one single immobilized 
protein molecule and does not interact with other free protein molecules. Teske et 
al. [24] accounted for multipoint interactions indicating, however, that this would 
lead to deviations between B22 measured in free solution and B22app measured in 
SIC. 
If these prerequisites are met the degree of interaction between immobilized protein and 
the one in solution can be determined by evaluating the effect of protein interaction on 









Where N is the total number of immobilized protein molecules accessible for mobile 
protein molecules, KSEC the distribution coefficient for retention behavior of a protein 
sample based on pure diffusive behavior, Koverall is the distribution coefficient of the 
quantitative affinity chromatography with weak interactions, Vi = Vt-V0 the intraparticular 
pore volume, with Vt the total accessible volume and V0 the interstitial or extra-particle 
column volume and mP = (MW N)/NA the mass of immobilized protein.  
One important line of argumentation which is in most studies left as an un-proven 
assumption can be found in the random orientation of the molecule after the 
immobilization. This however is a major – also theoretical - prerequisite when attempting 
to correlate SIC to the B22 measured in free solution. 
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3.3 Materials and Methods 
3.3.1 Materials and Apparatus 
Lysozyme from chicken egg white (monomer molecular weight 14.3 kDa, isoelectric point 
pI 10.7 [31], lyophilized, product no. L6876) was purchased from Sigma-Aldrich Inc. 
Sodium chloride (product no. 567440), sodium hydrogen phosphate dihydrate (product 
no. 137036), sodium dihydrogen phosphate dodecahydrate (product no. 1.06573), 
ethanolamine (product no. 100844), sodium hydroxide (product no. 567530), sodium 
acetate trihydrate (product no. 106265), hydrochloric acid (product no. 100317) and 
acetone (product no. 100014) were bought from Merck KGaA. In addition, acetic acid 
(Carl Roth GmbH+Co. KG, product no. 3738), N-hydroxysuccinimide (Thermo Scientific, 
product no. 24500) and Cy 5 NHS mono ester (Amersham Biosciences, product 
no. PA15101) were used. All prepared buffers and protein samples were filtrated with a 
0.2 µm cellulose membrane to avoid contamination and dust particles in the solutions. 
3.3.2 Preparation of SIC- and SEC-Columns 
For the immobilization procedure, pre-packed 1 mL HiTrap™ N-hydroxysuccinimide 
(NHS)-activated Sepharose™ High Performance (HP)-columns (GE Healthcare, product 
no. 17-0716-01) were used. The immobilization reaction is based on a covalent amide 
coupling between NHS-activated groups on the surface of adsorber particles and primary 
amino groups of proteins [32]. As shown in figure 3.1 the continuous flow is adjusted by a 
peristaltic pump to 1 mL/min and the temperature was set to 4°C. The full procedure 
consisted of a pre-wash-, coupling-, wash- and blocking step. The pre-wash step of the 
chromatographic resin was performed with 15 mL of pre-wash-buffer (1 mM HCl). The 
coupling solution consisted of 10 mL protein solution at a concentration of 1 - 7 mg/mL 
protein in coupling buffer (0.1 M sodium phosphate, 0.5 M sodium chloride, pH 6.2 - 8) 
[13,20]. The coupling solution was circulated for 4 h [32]. Subsequent to the 
immobilization procedure, the coupling solution with remaining protein was collected 
followed by a column wash with 20 mL of coupling buffer. The protein concentrations of 
both solutions – coupling solution and wash solution – were used to determine the overall 
surface load. In a final blocking step, remaining active NHS-groups at the adsorber particle 
surface were blocked, as the column was flushed in a cycle for 12 h at 4°C with blocking 
buffer (1 M ethanolamine, 0.5 M NaCl, 0.1 M sodium phosphate, pH 6.0). 
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Figure 3.1:  Flow sheet for the immobilization of protein in pre-packed SIC-columns; control units AIC 
(analysis indicator controlling) and LIC (level indicator controlling) 
To monitor the immobilization reaction, an online UV/vis-spectroscopic detector was used. 
For the validation of the procedure, immobilization reaction experiments were carried out 
with the same assembly, but with an additional refractometer as well as dynamic and static 
light scattering detectors connected in series after the column. Since the released NHS 
showed absorption at 280 nm blurring the signal of lysozyme at that wavelength, these 
detectors helped to determine small changes in the solution composition of protein and 
NHS. 
Unmodified columns acting as blank reference, were prepared according to the blocking 
procedure described above. All columns in use were stored at 4°C in 10 mM sodium 
phosphate (pH 7). 
3.3.3 Determination of uniform protein distribution in adsorber 
particles 
Uniformity of protein coupling in the adsorber particles after immobilization was analyzed 
using confocal laser scanning microscopy (CLSM). Labeling of bound lysozyme on 
primary amino groups of lysine residues with fluorescent dye Cy 5 was performed batch 
wise in coupling buffer at a constant dye to protein ratio of 20 µg Cy 5 per 
mg immobilized lysozyme [33]. After 30 min incubation time particles were repeatedly 
washed by discarding the supernatant after centrifugation (13,000 rpm for 5 min) and 
adding fresh coupling buffer until the supernatant remained colorless.  
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Microscopic analysis using confocal laser-scanning microscopy (LSM 510 META, Carl 
Zeiss AG, Jena, Germany; software LSM 510 Version 3.2 SP2) was carried out with a 
constant gain at an excitation wavelength of 630 nm and emission was measured with a 
longpass filter above 650 nm [34]. 30 µl of labeled and suspended adsorber particles were 
pipetted into an optically transparent micro well plate (Whatman Ltd, product no. 7706-
2370). To check for homogeneous protein distribution throughout the complete column, 
samples (50 mg adsorber material) were taken from the top, the middle and the bottom of 
three different columns. For 162 particles the midpoint was determined and the 
fluorescence intensity profiles in x-y as well as in x-z direction were analyzed. To 
determine the intensity over the radius of a particle an averaging procedure was conducted 
[35]. For one cross-section the intensity signal for five different lines across the midpoint 
were first averaged separately and then evaluated. For detailed information see 
Hubbuch and Kula. [34] and Schröder et al. [35]. 
3.3.4 Determination of surface load 
Surface load was determined by measuring unbound protein in coupling and wash solution 
followed by mass balancing. Protein concentration was determined by two procedures. 
Procedure 1: protein and released NHS-groups were separated with PD-10 desalting 
columns (GE Healthcare, product no. 17-0851-01) followed by concentration measurement 
at UV 280 nm. Procedure 2: protein concentration was determined directly from the 
absorption spectra of the mixture of NHS and lysozyme by applying partial-least-squares 
(PLS) regression as published by Hansen et al. [25]. 
The calibration and validation of the model with the MATLAB based PLS toolbox 
(Eigenvector Research, Wenatchee, WA, USA) was based on a three level full factorial 
design (MODDE, Umetrics, Umeå, Sweden) in the concentration range of 0 - 0.8 mg/mL 
lysozyme and 0 - 0.025 mg/mL NHS. For every coupling pH three sample sets were 
prepared independently and analyzed with a separate calibration model. Absorption spectra 
recorded ranged from 250 nm to 330 nm and were measured in multi full area 96-well 
plates with 200 µl (Greiner Bio-One Ltd., product no. 655801, Tecan infinite
®
M200, 
Tecan Group Ltd., Crailsheim, Germany). Two latent variables were defined and mean 
centered data were used. 
3.3.5 Self-interaction-chromatography 
The degree of interaction between immobilized protein and the one in solution is 
determined by evaluating the effect of protein interaction on retention behavior according 
to equation (3.3) [20,24]. 
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All chromatographic measurements were conducted with an FPLC-System 
ÄKTA™purifier with the auto sampler A-905 (GE Healthcare, Uppsala, Sweden, software 
Unicorn 5.2). The flow rate was set to 1 mL/min [20]. Prior to running experiments the 
whole system was equilibrated with buffer according to the conditions (buffer type, pH and 
ionic strength) used in the respective experiment until UV and conductivity signal were 
constant. 50 µl of lysozyme solution with a concentration of 2 mg/mL were injected. 
Measurements were done in triplicates for varying sodium chloride (NaCl)-concentrations 
from 0.1 M to 1 M in three different buffers: 10 mM sodium phosphate (NaPi, pH 7.6), 
20 mM sodium phosphate (NaPi, pH 7.6) and 20 mM sodium acetate (NaOAc, pH 4.5)-
buffer. According to equation (3.3) the retention volumes Vt and V0 were determined by 
injections of salt and Blue Dextran. The reproducibility of data and stability of the columns 
were measured by repeating the measurements over a period of four weeks. 
3.3.6 Determination of isoform distribution 
The covalent attachment of the NHS-activated fluorescent dye Cy 5 to lysine residues 
follows the same reaction type as the immobilization reaction on the adsorber particle and 
was thus used to study the reactivity of the six lysine residues. The mono-labeled isoforms 
in the final mixture were quantified by the published protocol to separate lysozyme-Cy 5 
isoforms from Teske et al. [36] and Dismer and Hubbuch [33]. The conditions for the 
reaction in solution and the analytics with a RESOURCE™ Column (GE Healthcare, 
product no. 17-1178-01) were adopted from Dismer and Hubbuch [33] and conducted with 
lysozyme without adsorber particles in solution. 
3.3.7 Static light scattering 
Static light scattering is a non-invasive method to determine the interactions between 
molecules due to the change in the averaged intensity of scattered light. For protein 
solutions scattering is a function of protein concentration and detection angle. So called 
“static” parameters of protein molecules such as molecular weight MW and osmotic second 
virial coefficient B22 can be obtained due to the concentration dependency of the scattered 
light [37]. 
For B22-determination, scattered light intensities were measured with an automated-batch 
composition gradient multi-angle light scattering system (CG-MALS). This is a 
combination of a pump system with degasser including three 0.1 µm inline-filters, light 





 reX, Wyatt Technology Corp., Santa Barbara, CA, USA, Software CALYPSO 
Version 1.2.8.5, ASTRA Version 5.3.4.20). The desired salt concentration and the protein 
concentration gradient were set using three pumps (flow rate 0.6 mL/min). During analysis 
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the flow was stopped at each concentration step for the delay time of at minimum 60 sec. 
For different protein concentrations the particular light scattering signals were measured at 
seven angles to determine the B22. The background scattering of pure solvent was 
subtracted. By applying the adjusted refractive index increment dn/dcP of 0.185 mL/g [38–
40] the protein concentration was determined with the refractometer. The B22 was 
determined with the Zimm-Formalism [30,37]. To validate each measurement the resulting 
molecular weight MW was compared to the literature value of 14.3 kDa. An additional 
dynamic light scattering detector in the system was used to indicate aggregation in 
solution. The calibration for the SLS instrument to determine absolute Rϴ was done with 





a wavelength λ of 633 nm [16,41]. 
3.4 Results and Discussion 
Traditionally immobilization reaction of protein on different kinds of adsorber materials 
for preparation of SIC-Columns is conducted batch wise prior to column packing [3,7,20]. 
The use of Sepharose (CNBr-activated Sepharose™ 4B and NHS-activated Sepharose™ 4 
Fast Flow (FF)) [12,20] is as common as the use of Toyopearl AF-Formyl-650 [42,43]. 
The surface of adsorber particles is activated by cyanogen bromide (CNBr) [3,12] or 
N-hydroxysuccinimide (NHS) [20,42,43]. Common for these chromatographic adsorber 
materials is the sufficient size of pore structure in relation to protein dimensions. 
Ahamed et al. [20] worked with Sepharose™ 4 Fast Flow (FF) particles and showed 
already the feasibility of NHS-activated sepharose adsorber particles. In this work the 
preparation of SIC-columns was carried out directly in pre-packed NHS-activated 
Sepharose™ HP-columns. Both materials, Sepharose™ FF and Sepharose™ HP are based 
on a highly cross-linked agarose matrix with differences in the degree of cross-linking of 
4 % compared to 6 % respectively, the length of the spacer arm with 14-, respectively 
10-atoms, the adsorber particle size of 90 µm compared to 34 µm and the substitution 
value of 18 μmol NHS/mL medium to 10 μmol NHS/mL medium. 
3.4.1 Homogeneity of immobilized lysozyme in the column 
While the commonly used batch coupling procedures rely on a perfectly mixed system and 
a restricted influence of mass transfer limitations, coupling procedures under a continuous 
flow in a packed column might be hampered by a non-uniform protein distribution over 
one particle and along the column. To counteract this, cooled ambient conditions of 4°C 
over a period of 4 h were used during coupling reaction to slow down the reaction. The 
protein distribution after immobilization of the adsorber particles was analyzed using a 
confocal laser-scanning microscope as described above. For all 162 analyzed adsorber 
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particles the fluorescent intensity profile was measured. The fluorescence intensity 
correlates to the amount of coupled protein when neglecting attenuation effects. Intensity 
profiles measured along the x-axis in the x-y plane going through the center of a particle 
for one column are shown in figure 3.2. Mean intensities for particles from top, middle and 
bottom position of the column are plotted with their absolute standard deviation (in the 
range of 0.2 - 0.8) over the normalized particle diameter d/dmax, particle. Normalization is 
required due to varying particle sizes. The normalized diameter data points were averaged 
into 0.1 ranges. The intensity profile showed a plateau in normalized diameter range of 
0.2 - 0.8 with an intensity mean value I of 104.9 ± 7.8 AU. Toward the particle outer range 
the intensity decreased. The reason for this is that the adsorber particles were not exactly 
spherical and the edges were included in the calculation of the normalized diameter when 
the averaging procedure was conducted.  
 
Figure 3.2:  Mean intensity profile over the normalized particle diameter along the column 
The homogeneous lysozyme distribution is thus given both, within the single particles as 
well as along the column length. The mean standard deviation of the intensity (1.2 AU) 
over the column length is not significant as it is lower than the mean standard deviation 
over all measured positions. In comparison the finding of Teske et al. [24], where a 
decrease of fluorescence intensity was observed toward the inner core of the adsorbent 
particle, can clearly be attributed to non-labeled protein occupying the adsorbent sites at 
the inner part [34,36]. 
3.4.2 Surface coverage of immobilized protein 
The determination of B22-values in SIC is clearly influenced by the surface load of the 
adsorbent both in terms of experimental performance but also fulfilling the prerequisites 
set by the theoretical framework. Prior to answering the theoretical and experimental 
findings there is a clear need for a more accurate measurement of the actual surface load. 
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In literature [1,7,13,20] the concentration is often determined with the bicinchoninic acid 
(BCA) assay with a maximal error of 20 %. This is far off of what should be expected from 
an analytical tool. Furthermore this to the given experimental errors over the whole 
procedure of SIC this might explain the deviations already seen in previous studies [20,24]. 
In this work the remaining protein concentration after immobilization was analyzed using 
two alternative procedures. Procedure 1 – use of desalting PD 10-columns prior to UV 
280 nm measurements – reduced the maximal error to 5 % compared to the 20 % error 
given by the BCA assay [20]. Even more accurate results combined with less time effort 
could be reached by Procedure 2 – the PLS regression. After the calibration of the 
respective model, the surface load could be determined within one minute per sample by 
measuring the spectra from 250 nm to 330 nm in 1 nm steps. The maximal error for known 
lysozyme concentrations was below 4 %. 
In addition the amount of coupled protein is not controlled as a function of time as found in 
Ahamed et al. [20] but simply a function of volume and protein concentration in the 
coupling buffer. The immobilization reaction was analyzed by online measurements with 
different detectors in series and in general 3 h of incubation were found to be sufficient to 
reach equilibrium in all experimental runs. These results are in agreement with Brinkley 
[32], who determined a reaction time of 1 - 2 h for a complete coupling reaction. 
Summarizing, the new procedure for preparing a SIC set-up provides a homogeneous 
protein distribution, a rapid and reliable determination of the surface load (4 % error) and a 
good control over the immobilization procedure. 
3.4.3 B22-determination using the prepared SIC-columns 
In figure 3.3 B22-values extracted from earlier SIC studies [20,24] and values obtained with 
the current set-up (coupling pH 8, surface load 20 mg protein/mL column volume) are 
plotted as a function of sodium chloride (NaCl) concentration from 0.1 M to 1 M in 20 mM 
sodium acetate (NaOAc) as well as 10 mM and 20 mM sodium phosphate (NaPi)-buffer. 
For all three buffers the B22-values are decreasing with increasing salt concentration.  
The negative slope is less pronounced for the NaPi-buffers (10 mM and 20 mM) because 
of the lower pH-value of NaOAc. Low salt concentrations promote repulsive interaction 
due to the high net charge (pI of lysozyme is 10.7) and electrostatic repulsion in NaOAc-
buffer. Higher salt concentrations on the other hand increase the shielding effect and the 
hydrophobic interactions. Thus, the dehydration of the polar surface of the protein is 
enhanced and the attractive interaction increased. The influence of the different buffer 
capacities for the NaPi-buffer is negligible. 
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The determined B22-results for NaOAc-buffer show the same trend as literature data, but 
the absolute values deviate from each other, particularly at NaCl concentrations below 
0.4 M. For example the B22-values at a NaCl concentration of 0.3 M of this work and from 
Ahamed et al. [20] are both positive whereas Teske et al. [24] determined a negative value. 
The B22-values of about 0.7 M NaCl are similar. At a NaCl concentration of 1 M the B22-
values from this work are the lowest. For 10 mM NaPi-buffer the data obtained by Ahamed 
et al. [20] are comparable to those determined in this work, although slight deviations are 
visible in the mid salt concentration range from 0.4 M to 0.8 M. Teske et al. [24] 
determined B22-values for the 20 mM NaPi-buffer, which deviate to lower B22-values over 
the whole measured range. Besides the differences due to the SIC, the slight lower pH of 7 
can be an explanation for the deviation. However, a deviation to higher B22-values would 
have been expected with a lower pH due to the higher net charge of the protein and the 
higher repulsive interactions between the molecules.  
On the one hand trends are in agreement, but on the other maximal deviations of up 
to -5·10
-4
 mol mL g
-2
 for the NaOAc-buffer were detected. Such deviations can result in a 
wrong interpretation of interactions due to opposite algebraic sign. 
 
Figure 3.3:  B22-values for lysozyme over varying NaCl concentration in 20 mM NaOAc-buffer pH 4.5, 
10 mM NaPi-buffer pH 7.6 and 20 mM NaPi-buffer pH 7.6; literature data: 20 mM NaOAc 
pH 4.5, 20 mM NaPi pH 7.0 [24]; 10 mM NaOAc pH 4.5, 10 mM NaPi-buffer pH 7.6 [20]; in gray 
crystallization slot [4] 
To study the reproducibility of the experiments and the column stability, retention volume 
measurements of protein samples were conducted over a period of four weeks. The results 
were reproducible and lysozyme eluted in symmetrical peaks. The column could be used as 
long as no microbiological degradation occurred, which deteriorates the packing integrity 
of the column [20]. 
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3.4.4 Protein-protein interactions in the mobile phase 
SIC-measurements are based on the assumption that only one immobilized protein 
molecule interacts with one single molecule of the mobile phase at the same time and that 
protein-protein interactions in the mobile phase are negligible. The latter is generally 
reached by injecting only low amounts of protein in the mobile phase. As there is 
conflicting information in literature [3,12,20,24] regarding the influence of mobile phase 
protein concentration we thoroughly analyzed the influence of mobile phase concentrations 
used in this work. Within a range of 1 -  5 mg/mL no significant deviations in the retention 
volume were observed. At this low concentration protein-protein interactions in the mobile 
phase do not seem to play a significant role. This finding is comparable to Ahamed et al. 
[20] who also found negligible influence in the range of 1 - 5 mg/mL. As a result all 
experiments in this work were conducted with a constant injection volume of 50 µl/mL 
column volume and protein concentration of 2 mg/mL. 
3.4.5 Multi-body interactions – Surface coverage of immobilized 
protein 
The surface load or better protein density on the adsorbent surface determines the 
probability that the prerequisite of the theoretical framework of two-body interactions has 
to be discarded in favor to a situation of multi-body interactions. Teske et al. [24] did 
account for this in their theoretical framework, however, stating that this will lead to a 
clear deviation between B22 measured in free solution and SIC analysis. For the 
comparability to other publications and different adsorber materials the surface load is 
converted into percent surface coverage θ. The calculation is conducted according to 
Ahamed et al. [20], assuming an equal accessible surface area per volume of packed 





 and a radius of the lysozyme molecule of 1.56 nm. A surface load of 
15 mg/mL then correspond to a surface coverage of 11.25 %.  
The influence of surface coverage θ on B22-values determined in this work is plotted three-
dimensional in figure 3.4 for the three different buffers 20 mM NaOAc pH 4.5, 10 mM 
NaPi pH 7.6 and 20 mM NaPi pH 7.6 in dependency on NaCl-concentration (a)-(c). 
Additionally the influence of the surface coverage is plotted for 20 mM NaOAc-buffer for 
the three different salt concentrations 0.4, 0.7 and 0.9 M NaCl and for 10 mM NaPi pH 7.6 
and 20 mM NaPi pH 7.6 with a NaCl concentration of 0.9 M for demonstration purposes 
(d). For surface coverage lower than 1 % the B22 was determined with a positive value 
except for 10 mM NaPi-buffer at 0.9 M NaCl, but decreases sharply with increasing 
surface coverage. For lower surface coverage of less than 4 % it became evident that the 
error in determining B22-values increased significantly. This behavior is connected to the 
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very weak or negligible interactions at a low surface coverage, which are unsatisfactory 
detectable. Differences in the retention volumes were too small, so that the influence of the 
experimental error increased significantly. Comparable deviations are described by 
Tessier et al. [3], who explained these deviations with non-specific interactions with the 
base matrix using low NaCl concentrations. This however might not be the case in the 
current data set as we detected positive B22 for low surface coverage with NaCl 
concentrations as high as 1 M. This finding rules out non-specific electrostatic interactions. 
The rather high positive values of the B22 for low surface coverage are due to the 
denominator term in equation (3.3) where the surface load comes into play. For low 
surface coverage and retention difference which is close to the detection error this leads to 
the observed picture. The lower retention volumes for low surface coverage θ and high 
NaCl concentrations when compared to the reference column with no immobilized protein 
could be mainly due to the inherent lower distribution coefficient Koverall for retention 
behavior of a protein sample when pores are reduced in size due to immobilized or 
adsorbed protein [44]. At higher surface coverage ranging from ranging from 11.25 % to 
22 % the B22 was found to be nearly independent of the surface coverage for all NaCl 
concentrations investigated. This range of surface coverage with a constant B22-value 
corresponds to a surface load of 15 - 30 mg/mL.  
Teske et al. [24] calculated a ‘high estimate’ of surface load q in the order of surface 
coverage θ ~ 14 % for the lower limit when multi-body interaction should occur. Different 
values for the surface coverage found in literature range from 9 % [3], 14 - 17 % [24], 
15 % [20] and 33 % [3]. In the work of Tessier et al. [3] the lower surface coverage of only 
9 % was characterized by high non-specific electrostatic interactions at low ionic strength 
developing into negligible interactions at high ionic strength. Using the high surface 
coverage of 33 % repulsive interactions at low ionic strength and strongly attractive 
interactions at high ionic strength were found. The latter agrees with findings of this work 
where at higher surface coverage an increase in attractive interactions is found with 
increasing surface coverage. When comparing our findings with data computed by Teske 
et al. [24] a clear difference is detected. In our study, the surface coverage between 
11.25 % and 22 % does not influence the B22-value obtained for a given concentration of 
NaCl. In contrast to this Teske et al. [24] computed a direct influence of surface coverage 
on B22 with a higher surface coverage leading to lower B22-values in the range from 8.5 % 
to 33 %. This difference might be explained that in our case we did reach a constant 
interaction scenario – be it two-body or multi-body interactions – while the computation of 
Teske et al. [24] simulates a change in surface properties influencing the retention 
behavior. 
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Figure 3.4: (a-c) B22 as a function of surface coverage and NaCl concentration in 20 mM NaOAc, 10 mM 
NaPi and 20 mM NaPi-buffer; (d) B22 for lysozyme over surface coverage of adsorber particles at 
0.4, 0.7 and 0.9 M NaCl in 20 mM NaOAc-buffer pH 4.5 and 0.9 M NaCl in 10 and 20 mM NaPi-
buffer pH 7.6 
3.4.6 Influence of protein orientation on B22-determination 
According to the theoretical framework behind SIC protein-protein interactions between 
immobilized proteins and those in the mobile phase need to resemble those interactions 
found in free solution. This is only given when the structure of the immobilized species 
remains unchanged upon immobilization and a random orientation of the immobilized 
species to mimic the orientation independent interactions in free solution. 
Several researchers have assumed such a random orientation throughout the development 
of SIC [12,13,20,24,45]. However this situation has never been experimentally proven to 
be valid. In contrast to this it was shown both experimentally and theoretically – based on 
molecular dynamic simulations –that binding of lysozyme on a cation exchanger is 
characterized by distinct orientations depending on the molecular structure of the protein 
[33]. Furthermore, the argumentation toward a random immobilization procedure mostly 
follows the reasoning that the lysine residues on the surface are more or less symmetrically 
distributed over the protein surface without recognizing the difference in reactivity of these 
potential binding sites. 
3.4 Results and Discussion 41 
In order to get an insight into the different reactivities of the potential binding sites – lysine 
residues – we analyzed the reactivity in coupling buffer of different pH-values when 
covalently attaching a Cy 5 dye [34] mimicking the reaction of protein with NHS-activated 
adsorber material. The reactivity of the six lysine residues was then studied by quantifying 
the mono-labeled isoforms in the final mixture after 30 min. Resulting isoforms were 
separated via ion-exchange chromatography and the absorption spectra at 280 nm and 
650 nm were analyzed. The peaks can be assigned to variants of different labeled lysine 
residues [33]. Since the reaction of NHS esters with amines has an optimum pH of about 
8.2 [32], the height of all isoform peaks decreased with decreasing pH and the non-labeled 
lysozyme peak increased. Therefore the relative peak areas of the mono-labeled lysozyme 
isoforms were compared with regard to relative reactivity of every single lysine residue in 
dependency to the pH. The relative isoform distribution of mono-labeled lysozyme is 
plotted as labeling efficiency for every of the six lysine residues in figure 3.5. 
 
Figure 3.5: Relative isoform distribution of Cy 5 mono-labeled lysozyme at 280 nm and different pH 
A clear picture arises from this study assuming that an approximately equal reactivity 
would be needed for a random distribution. The binding sites lys 96/lys 97 show the 
highest value with an approximate reactivity of 60 % over all lysines. The second place is 
taken by the binding site at lys 33 with a labeling efficiency of approximately 30 %. 
Together this accounts for the overall labeling efficiency of 90 %. It is thus foreseeable that 
– given that a correlation between binding orientation and site reactivity exists – the 
majority of immobilized protein is immobilized through either of these sites due to the 
different reactivity [46,47]. The ratio of these binding sites will be dependent on the 
reactivity described above and the orientation upon reaching the adsorbent surface prior to 
the immobilization reaction. 
From figure 3.5 one might assume that the orientation of immobilized lysozyme remains 
largely constant over the investigated pH-range from pH 6 - pH 8. To elucidate this, the 
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five coupling conditions with different pH-values from 6.2 to 8 were compared in terms of 
B22-values obtained by SIC using these columns. Besides the coupling pH, all other 
coupling buffer parameters were kept constant during the preparation of SIC-columns, as 
well as the surface load of around 20 mg/mL.  
B22-values obtained in the three different buffers (20 mM NaOAc, 10 mM NaPi and 
20 mM NaPi) in dependency of the coupling pH are plotted in figure 3.6 (a-c) at different 
NaCl concentrations. Moreover, the dependency of B22-values on coupling conditions is 
exemplary plotted for three NaCl concentrations in 20 mM NaPi-buffer pH 7.6. For these 
constant experimental conditions, but varying pH during the immobilization procedure the 
B22 obtained in 20 mM NaPi- buffer decreases with increasing coupling pH until a 
coupling pH 7.6 with a slight increase for the highest coupling pH 8. The maximal 
deviation of 8·10
-4
 mol mL g
-2
 in B22-values for lysozyme among the three NaCl 
concentrations tested occurred between pH 6.2 and 7.6.  
 
Figure 3.6:  (a-c) B22 as function of NaCl concentration and immobilization pH during column preparation 
for 20 mM NaOAc, 10 M NaPi and 20 mM NaPi-buffer; (d) Influence of immobilization pH on B22 
for different NaCl concentrations in 20 mM NaPi-buffer pH 7 
This clearly confirms that the coupling conditions influence B22-values obtained by SIC. 
These deviations could be a result of an irreversible structural alteration, a reversible 
structural transformation or a variation in the preferred binding site due to the different pH 
during coupling reaction. The change in coupling conditions should not influence the 
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stability of the protein. Thus, the treatment for protein during the immobilization reaction 
was conducted with a low salt concentration in a gentle pH-range between 6 and 8. The 
solubility of lysozyme is sufficient and the structure of the molecule should be only little 
affected by the coupling reaction. A comparison with figure 3.5 however does also not lead 
to a clear correlation. The process behind these findings is could not have been elucidated 
yet and is subject to further research.  
3.4.7 B22-determination comparing SIC and SLS 
The above clearly indicates that comparing literature data on SIC obtained with different 
adsorber, coupling conditions, surface coverage and experimental conditions will not lead 
to a greater insight. Ahamed et al. [20] further presented a wealth of data comparing 
14 B22-curves over increasing NaCl concentration determined by six different experimental 
techniques. A rather strong scatter of data can be observed. We thus decided to make a 
direct comparison between SIC and SLS for our system. 
The results of SIC data (surface load 20 mg/mL, coupling pH 7.6) were plotted in figure 
3.7 with corresponding B22-values obtained by SLS. The B22-values for the two techniques 
are decreasing with increasing salt concentration. For all data, the B22-values are positive in 
the range of 0.1 - 0.2 M NaCl. Higher salt concentrations up to 1 M led to negative and 
constantly decreasing B22-values. The clear differences between the two approaches are 
found in the respective intersections with the x-axis between 0.2 M and 0.5 M and 
connected to this the overall more negative value for B22 in the attractive region for data 
obtained with SLS when compared to the SIC data.  
At 0.7 M the absoluteB22-values determined by SIC and SLS differs by -6·10
-4
 mol mL g
-2
. 
In NaPi-buffers (10 mM and 20 mM) comparable deviations between SIC and SLS were 
determined in an equal range (data not shown) [20]. Reasons for the differences between 
SIC and SLS can be the result of thermodynamic conventions of the methods [48], but 
these should have only a small effect on the B22-values [49]. Ahamed et al. [20] specifies 
the inherent error limit with -2·10
-4
 mol mL g
-2
 for SLS-measurements 
and -1·10
-4
 mol mL g
-2
 for SIC-experiments. However, the SIC-results exceed this error 
depending on which immobilization conditions are used (see Section 4.6). This might be a 
result of the restricted orientation of potential protein-protein interactions in SIC. In 
contrast to the SIC, the SLS data of this work and from literature show an absolute mean 
deviation from the arithmetic average of 1.8·10
-4
 mol mL g
-2
 at the respective NaCl 
concentration. Since different buffer capacities, pH-values and lysozyme manufacturer 
were used, the variation of determined B22-values between the literature data and those 
obtained in this work are in a reliable and reproducible range. Hence, non-invasive 
methods are preferred to determine B22-values. When using SIC due to its low protein 
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consumption, one should be aware of deviations caused by a non-randomized immobilized 
adsorber particle surface. Other authors try to reduce the protein consumption by 
optimizing non-invasive measurement techniques. One example is an online method for 
SLS-measurements with a dual detection cell [50,51] to measure the B22 out of one peak. 
 
Figure 3.7:  Mean B22-values and the absolute standard deviation for lysozyme in 20 mM NaOAc-buffer 
pH 4.5 and varying NaCl concentration: SIC, SLS and SLS-literature data: 25 mM NaOAc pH 4.7 
[52], NaOAc pH 4.5 [53], 50 mM NaOAc pH 4.7 [54], 50 mM NaOAc pH 4.6 [55], 100 mM 
NaOAc pH 4.2 [14] 
3.5 Conclusions 
The preparation of self-interaction chromatography-columns was simplified by 
immobilizing the protein directly in pre-packed and NHS-activated columns and optimized 
by surface load determination with the PLS regression-method. By doing so, a tool for SIC 
experimentation could be established expressing a high degree of experimental 
reproducibility and applicability. The novel method for determination of achieved 
immobilized protein density is novel and superior to existing techniques for protein 
determination.  
A major prerequisite of applying SIC to measure a thermodynamically sound B22-value lies 
in the random immobilization of protein onto the chromatographic column. The orientation 
of immobilized protein strongly depends on the pattern and reactivity of – mainly – lysine 
on the surface. It has clearly been shown that for lysozyme a preferential orientation of 
immobilized protein is obtained as a function of immobilization conditions. This finding 
will probably apply for the majority of proteins.  
Thus, the prerequisite of a randomized binding orientation on the adsorber is not valid and 
the knowledge of the structural arrangement must be taken into account while working 
along the SIC methodology. In conclusion the use of SIC to determine thermodynamically 
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accurate B22-values or even simple protein-protein interactions comparable to studies in 
free solution is highly questionable. In some cases SIC might still be useful to elucidate 
qualitative trends, but quantitative data need to be validated by other techniques. 
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Abstract 
Protein phase behavior characterization is a multivariate problem due to the high amount 
of influencing parameters and the diversity of the proteins. Single influences on the protein 
are not understood and fundamental knowledge remains to be obtained. For this purpose, a 
systematic screening method was developed to characterize the influence of fluid phase 
conditions on the phase behavior of proteins in three-dimensional phase diagrams. This 
approach was applied to three monoclonal antibodies to investigate influences of pH, 
protein and salt concentrations, with five different salts being tested. Although differences 
exist between the antibodies, this extensive study confirmed the general applicability of the 
Hofmeister series over the broad parameter range analyzed. The influence of the different 
salts on the aggregation (crystallization and precipitation) probability was described 
qualitatively using this Hofmeister series, with a differentiation between crystallization and 
precipitation being impossible, however. 
4.1 Introduction 
One of the fastest growing and most important product classes in biological pharmaceutics 
and therapeutics is the group of monoclonal antibodies (mAb). They are applied mainly for 
cancer and autoimmune therapy, such as for the treatment of leukemia or rheumatism. 
While substantial progress was made in designing specific antibodies, the challenging 
recovery and purification processes still are the most cost-intensive tasks. This is mainly 
due to the application of a Protein A-step [1,2]. The FDA product quality standards are 
high, because thousands of patients need a weekly sterile dose of a few grams for 
intravenous administration over long terms [3]. Even though current platform processes are 
highly optimized in terms of yield and achieved purity, they lack performance when it 
comes to processing high titers and when long-term stability of the molecule becomes a 
critical issue. In this context crystallization of antibodies is a promising strategy to generate 
highly concentrated and stable products [2,4–6]. 
Crystallization is a selective step in the protein purification process and combines 
purification and simplification of the formulation in a single step only. Its advantages are a 
high purity and concentration as well as increased stability in the crystalline form. On the 
industrial scale, crystallization is applied for few proteins, like insulin only [6]. One reason 
is the time-consuming and cost-intensive screening of protein crystallization conditions. 
Moreover, screening success is not guaranteed, since the protein phase behavior in the 
solution is influenced by many chemical and physical parameters, such as the salt content, 
buffer capacity, pH value, type of precipitant, and temperature [7,8]. Antibody 
crystallization is even more challenging due to their large size and high degree of 
segmental flexibility as well as the extensive and potentially variable glycosylation pattern 
[2]. Hence, only few complete intact antibodies have been crystallized so far [9,10]. Most 
crystals were obtained from antibody fragments. In some cases, deletion of regions of the 
antibody has been inevitable for a successful crystallization [11,12]. 
One approach to enhancing the understanding of protein crystallization and facilitating 
condition screening consists in the generation of phase diagrams. Derived systematic 
correlations can foster future screenings. The knowledge can be transferred to different 
process steps, such as purification, formulation, storage, and delivery [10]. Moreover, 
crystallization conditions can be used to generate crystals for 3D structure determination, 
the ultimate objective being to increase biological understanding of the protein structure, 
their reaction mechanisms as well as their function [11,13]. Even diseases caused by a 
phase transition of proteins, like cataracts [14] or neurodegenerative diseases [15] can be 
better understood. Furthermore, the transferability to proteins of comparable properties can 
be investigated [10,16]. Despite these opportunities, crystallization condition screenings 
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are conducted mainly with commercially available kits in trial-and-error-experiments. This 
does not provide for any further understanding [7]. Automatic platforms are needed for use 
as screening tools in systematic investigations of the influence of the fluid phase 
conditions, salts, and excipients. 
In the course of the project reported here we established such a screening tool for the 
systematic evaluation of mAb phase behavior. This tool consists of fully automated robotic 
stations. The influence of different salts, pH values as well as protein and salt 
concentrations were analyzed. To create a comprehensive database, three-dimensional 
(3D) phase diagrams were generated for three different antibodies and the respective salt as 
a function of their concentrations and the pH. A newly established buffer system was 
introduced to eliminate possible influences due to changing buffer components [17]. This 
system ensures a constant buffer capacity over a pH range of four orders of magnitude 
(5 - 9) and allows for a systematic evaluation of parameters like the pH value and salt 
concentrations. The antibody phase behavior depending on those parameters was then 
analyzed optically and apparent crystallization, precipitation, liquid-liquid phase 
separation, and gelation were distinguished. In addition, the time until the first visible 
structures were obtained and the crystal size after 40 days were determined for all three 
mAbs. 
4.2 Materials and Methods 
4.2.1 Materials 
Protein A-purified monoclonal antibodies mAb04c (type IgG4, pI 8.3-8.8), mAb02a (type 
IgG1, pI 8.3-8.9), and mAb05a (type IgG1, pI 8.2-8.5) in solution were kindly provided by 
Boehringer Ingelheim Pharma GmbH & Co. KG (Biberach, Germany). Prior to the 
experiments, a buffer exchange was performed in a Vivaspin 20, Vivaspin 2 or Vivaspin 
500 (30 kDa Cutoff PES-membrane; VS2022, VS0222 and VS0122; Sartorius Stedim 
Biotech, Göttingen, Germany) at 8,000 g and 20°C. The protein concentration was 
adjusted to the desired value. 
The chemicals of acetic acid, sodium chloride (NaCl), sodium hydroxide (NaOH), MES, 
lithium sulfate (Li2SO4), and ammonium chloride (NH4Cl) were obtained from Merck 
KGaA (Darmstadt, Germany), whereas MOPSO, CHES, and ammonium sulfate 
((NH4)2SO4) were obtained from Applichem GmbH (Darmstadt, Germany). HEPPSO was 
supplied by molekula Germany (Taufkirchen, Germany) and sodium sulfate (Na2SO4) by 
Sigma-Aldrich (St. Louis, MO, USA). 
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All buffers and protein samples were freshly prepared and filtered with a 0.2 µm cellulose 
membrane to prevent contaminations and dust particles in the respective solutions. 
4.2.2 Buffer system preparation and pH characterization 
The buffer system established is comparable to buffers used in pH-gradient-based ion-
exchange chromatography [18]. This multi-component buffer with its monoprotic acid 
components listed in table 4.1 is characterized by a constant buffer capacity over a pH 
range from 5 to 9. The overall titration curve is the summation of the overlapping titration 
curves of every single component having a different pKa value [19]. The buffer capacity is 
constant over the pH range described, since the resulting titration curve is almost linear. 
Thus, the pH can be adjusted by varying the buffer ratios of pH 5 and 9 buffer.  
A two-fold concentrated buffer system was produced and split into two equal aliquots after 
dissolution [20]. Each aliquot was diluted with deionized water and titrated with 4 M 
NaOH to pH 5 or 9, resulting in a buffer capacity of 10 mM for each buffer. These buffers 
served as salt-free buffers (see table 4.1). 
Table 4.1:  pH Buffer System Composition (10 mM) with the Corresponding pKa value [21] and Molarity 
Buffer component pKa-value [ - ] Molarity [mM] 
MES 6.10 10.05 
Acetic acid 4.76 16.6 
MOPSO 6.90 8.9 
HEPPSO 8.04 12.3 
CHES 9.30 14.4 
 
As precipitants, the salts of ammonium sulfate (3 M), lithium sulfate (2.5 M), sodium 
sulfate (1 M), ammonium chloride (3 M), and sodium chloride (3 M) were used. If not 
stated otherwise, the maximal concentration listed in the brackets was utilized for the salt 
buffer. The precipitant had been added to the buffer system before the pH value (HI-3220, 
HANNA instruments US, Woonsocket, RI, USA) and volume were adjusted. 
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Table 4.2:  Screening Experiment Number, including Precipitation Buffer Composition Expressed by the 
Salt Ratio and pH Ratio 
No Precipitant rSalt [ - ] rpH [ - ] 
1 
(NH4)2SO4, Na2SO4, 
NH4Cl, NaCl 0.25, 0.5, 0.75, 1 
0, 0.25, 0.5, 0.75, 1 
Li2SO4 0, 0.25, 0.5, 0.75 
2 
(NH4)2SO4 0.33, 0.42, 0.58, 0.67, 0.75, 0.83 
0.25, 0.5, 0.75, 1 
Li2SO4 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 
Na2SO4 0.05, 0.1, 0.2, 0.3, 0.8, 0.9 
NaCl 0.03, 0.1, 0.17, 0.23, 0.67, 0.83 
3 
(NH4)2SO4 
0.033, 0.066, 0.1, 0.133, 0.267, 0.2, 
0.233, 0.267, 0.3, 0.33, 0.367, 0.4 
1 
Li2SO4 
0.08, 0.16, 0.24, 0.32, 0.4, 0.48, 0.56, 
0.64, 0.72, 0.8, 0.88, 0.96 
0.75 
Na2SO4 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 
0.25, 0.5, 0.75, 1 NH4Cl (max. 5 M) 0.1, 0.6, 0.7, 0.8, 0.9, 1 
NaCl (max. 5 M) 0.05, 0.2, 0.6, 0.7, 0.9, 1 
 
The precipitation buffer was prepared on a robotic platform (Freedom EVO100, Tecan 
Group., Männedorf, Switzerland) in the 2 mL scale with 96-deep well plates (Nalgene 
Nunc, Rochester, NY, USA, product no. 260252). The respective salt buffer with its 
maximal salt concentration cSalt,max at pH 5 and 9 was diluted with the buffer system at 





Moreover, the pH was adjusted by varying the ratio of pH 5 to 9 buffer. 
 𝑟𝑝𝐻 =
𝑉𝑝𝐻 9
𝑉𝑝𝐻 5 + 𝑉𝑝𝐻 9
 (4.2) 
Each rSalt in table 4.2 was combined with all rpH-values, adding up to 288 precipitation 
buffer conditions. However, different salt concentrations can shift the pH after mixing and 
influence the buffer. Consequently, the pH was determined for every single precipitation 
buffer composition at room temperature (HI-110 with HI-1330B electrode, HANNA 
instruments US, Woonsocket, RI, USA). In addition, pH or salt gradient measurements 
were conducted for all five salts using an FPLC-System ÄKTA™purifier equipped with a 
pH and conductivity meter (GE Healthcare, Uppsala, Sweden, software Unicorn 5.2) in 
which either the salt concentration was kept constant at zero or the maximal salt 
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concentration or the rpH was maintained at 0 or 1. The pH and the conductivity were 
measured online under a flow rate of 0.1 mL/min and a gradient length of 10 mL.  
The resulting surface plots of the pH measured as a function of the ratio and the salt 
concentration for sodium chloride as well as ammonium chloride are shown in figure 4.1. 
Sodium chloride only shows a small deviation from the linearity, whereas ammonium 
chloride leads to apparently higher pH values. This offset results from a (NH4)
+
 pKa value 
of 9.21 [22], with the effect on the measured pH being more pronounced at higher salt 





Figure 4.1: Influence of sodium (a) and ammonium chloride (b) on pH adjustment for the buffer-system 
4.2.3 Screening buffer preparation 
To determine the 3D phase diagrams of the three antibodies, the different precipitation 
buffers of table 4.2 were used in combination with the three antibodies and protein 
concentrations listed in table 4.3. The conditions were divided into three screening 
experiments. Every mentioned protein concentration cP was mixed with all precipitation 
conditions of the same screening experiment number. All three antibodies were used for 
the screening experiments 1 and 2, while screening experiment 3 was conducted with 
mAb04c only. The first experiment was a screening over the whole pH and salt 
concentration range. In the second screening experiment the focus was placed on 
conditions under which phase transition occurred. In the third screening experiment, 
mAb04c was further analyzed in terms of crystallization at rpH = 0.75 and rpH = 1 for 
lithium sulfate and ammonium sulfate, respectively, as well as over a broader salt and 
protein concentration range for ammonium and sodium chloride. These combinations 
resulted in a total of 2,784 different screening conditions. 
The original buffer of the antibody was replaced by the described buffer systems with pH 5 
and 9. Sample formulation for different screening buffer compositions took place on a 
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robotic platform (Freedom EVO100, Tecan Group, Männedorf, Switzerland). The antibody 
was diluted and mixed with the buffer system (pH 5 and 9) on the 100 µL scale (1.5 mL 
Safe-Lock tubes™, Eppendorf AG, Hamburg, Germany, product no. 0030 120.086) to 
obtain the starting buffer with different pH ratios rpH and protein concentrations cP (see 
table 4.3). Nearly 10 µL of the starting buffer were pipetted into microbatch plates (MRC 
Under Oil 96 Well Crystallization Plate, Swissci AG, Neuheim, Switzerland) and 10 µL 
precipitation buffer (see table 4.2) were added. The plates were sealed with Crystal Clear 
Sealing Tape (Hampton Research, Aliso Viejo, CA, USA, product no. HR4-506) to 
completely prevent evaporation during the experiments. The alternative method with an oil 
drop on the surface was dismissed, as the oil/buffer interface influences the phase behavior 
due to heterogeneous nucleation at the boundary surface, as was mentioned by 
D’Arcy et al. [23]. The complete preparation of a plate takes about 10 min. 
Table 4.3:  Screening Experiment Number, Including the Used Protein, Salts, and Protein Concentrations 
of Starting Buffers 
No Protein Salt cP [mg/mL] 
1 mAb04c, mAb05a, mAb02a 
Na2SO4, (NH4)2SO4, 
Li2SO4, NH4Cl, NaCl 
2.5, 5, 7.5, 10 
2 mAb04c, mAb05a, mAb02a 
(NH4)2SO4, NaCl, 
Na2SO4, Li2SO4 
6, 9, 15, 20 
3 mAb04c 
(NH4)2SO4 4, 6, 8, 10, 12, 15, 18, 20 
Li2SO4 4, 7, 10, 12, 14, 16, 18, 20 
Na2SO4 5, 10, 15, 20 
NH4Cl, NaCl 15, 20, 25, 30 
 
With a minimum of six salt-free starting and precipitation buffers at two pH-values (5 and 
9) (table 4.4), a complete 3D phase diagram was obtained for one salt and protein under 
varying screening conditions. On this basis, the phase behavior could be analyzed over a 
broad range of known pH values and compositions. For every additional salt, only two 
more buffers (salt buffer: pH 5 and 9) were necessary.  
Table 4.4:  Nomenclature of the Different Buffers 
Buffer name Description 
Salt-free buffer Buffer system without added salt 
Salt buffer Buffer system with maximal added salt concentration 
Precipitation buffer Buffer system with one added salt 
Starting buffer Buffer system with added protein 
Screening buffer Buffer system with added protein and salt 
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4.2.4 Antibody phase behavior analysis 
Nonagitated, diffusion-driven systems represent an intermediate screening step on the way 
towards stirred batch crystallization. For this reason, the protein phase behavior was 
analyzed in microbatch plates for a period of 40 days in distinct time intervals (day 1: 2 h, 
days 2-4: 4 h, days 4-8: 6 h, days 9-40: 24 h). The imaging system Rock Imager 54 
(Formulatrix, Waltham, MA, USA, Software Rock Maker) was used to take XY images. 
The images recorded at different time intervals revealed a delayed formation of first visible 
structures or transformations. This delay then served as a parameter for kinetic analysis. 
The polarizability and fluorescence intensity after excitation in the UV range are measures 
of the birefringence and protein concentration gradients in the solution. The samples were 
analyzed after 40 days to specify the quality of the aggregates and to find out whether the 
crystal was built from protein. According to Bergfors [24] the phase behavior can be 
classified as follows:  
1. Clear, 
2. light precipitate, 
3. heavy precipitate, 
4. liquid-liquid phase separation, 
5. gelation, 
6. microcrystals smaller than 20 µm, 
7. crystals (needles). 
Structures, smaller than the microscopic resolution limit of 3 µm, were classified as 
precipitate. Liquid-liquid phase separation in the form of droplets in solution was not 
observed in any of the analyzed samples after 40 days. In this context, aggregation is used 
as the hypernym of crystallization and precipitation. As an approximation of the crystal 
size (l), an average of the longest side of 5-10 distinct crystals was determined visually and 
manually during crystallization. Use of an automated imaging system facilitated the 
handling of the high amount of images. 
4.3 Results 
4.3.1 Influence of sulfate salts on mAb04c phase behavior: 
Ammonium, lithium, and sodium sulfate 
Because the five salts are composed of three different cations and two anions, the phase 
behavior was first analyzed as a function of the anion and second as a function of the 
cation for all three antibodies. The resulting phase diagrams for mAb04c with the 
ammonium, lithium, and sodium sulfate are plotted in figure 4.2. The phase behavior of 
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mAb04c is divided into three different states: Dissolved, crystallized or precipitated. No 
gelation occurs. 
 
Figure 4.2:  Phase diagrams of mAb04c with ammonium (a), lithium (b), and sodium sulfate (c) as a function 
of the pH 
As shown in figure 4.2 (a), no crystallization occurs in the tested protein concentration 
range for mAb04c and pH values below 7.5 for ammonium sulfate. With increasing pH 
value, the crystallization probability is increasing and the protein and salt concentration 
range in which mAb04c crystallizes is broader. At pH 8 ± 0.2, some crystal needles form at 
low protein (1-3.75 mg/mL) and salt concentrations of 0.75 M. Around the pI of mAb04c 
at pH 8.5 ± 0.2, the probability of crystallization increases. For salt concentrations in the 
range of 0.5 - 0.75 M and protein concentrations from 5 - 10 mg/mL, samples show needle 
crystallization. Precipitation is dependent on the ammonium sulfate concentration at the 
respective pH.  
When applying lithium sulfate (figure 4.2 b), crystallization occurs at various salt 
concentrations, especially above pH 7. At pH 8, the phase behavior is slightly dependent 
on the protein concentration, but strongly influenced by the salt concentration in the 
analyzed range. The solution stays clear for salt concentrations below 0.3 M. With lithium 
sulfate concentrations between 0.4 and 0.7 M, mAb04c crystallizes. Above this salt 
concentration, the precipitation range starts. At a constant protein concentration of 
10 mg/mL or salt concentration of 0.4 M, crystals are obtained over a broad pH range 
(7 - 9). 
The combination of mAb04c and sodium sulfate presented in figure 4.2 (c) results mainly 
in light precipitation. Crystallization occurs under few conditions. At salt concentrations of 
0.4 - 0.5 M and protein concentrations higher than 4 mg/mL, crystals grow in the pH range 
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of 6.5 - 9. At 0.5 M sodium sulfate, all analyzed samples show aggregation (precipitation 
or crystallization). In addition, light precipitation is visible at low salt concentrations. 
Compared to salt concentrations below 0.1 M, precipitation starts at higher protein 
concentrations in the salt concentration range between 0.1 and 0.4 M. Hence, an increasing 
sodium sulfate concentration leads to a salting-in behavior. 
4.3.2 Influence of sulfate salts on mAb05a and mAb02a phase 
behavior: Ammonium, lithium, and sodium sulfate 
The mAb05c antibody showed no crystallization in the analyzed pH and concentration 
ranges for the three different sulfate salts. However, gelation was observed under various 
conditions at the transition line from a clear solution to precipitation. The phase diagrams 
for ammonium, lithium, and sodium sulfate are plotted in figure 4.3. 
 
Figure 4.3:  Phase diagrams of mAb05a with ammonium (a), lithium (b), and sodium sulfate (c) as a function 
of the pH 
For mAb05a in the presence of ammonium sulfate, phase transition occurred at salt 
concentrations of 0.8 M. The protein gelled at a pH of 8.5 ± 0.2 near the pI of the antibody 
and at 0.875 - 1.1 M ammonium sulfate only. In figure 4.3 (b) the phase diagram for 
mAb05a in combination with lithium sulfate is plotted. The protein precipitates above 
0.6 M and gels in the salt and protein concentration range of 0.75 - 0.875 M with 
3-10 mg/mL protein at a pH from 7 to 9. The gelation as well as the precipitation is 
dependent on the pH and protein concentration. As shown in figure 4.3 (c), sodium sulfate 
induces a salting-in behavior of mAb05a at low sodium sulfate concentrations below 0.3 M 
in the pH range of 5 - 8. The higher the pH is, the higher is the salt concentration required 
for precipitation. Generally, ammonium sulfate tends to gel in a smaller pH range, 
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compared to lithium sulfate. The ranges are comparable to that of mAb04c crystallization. 
The salting-in behavior of mAb04c with sodium sulfate in the solution is also detected for 
mAb05a. 
mAb02a shows less phase transitions for the three sulfate salts than mAb05a and mAb04c, 
(figure 4.4). mAb02a precipitates above ammonium sulfate concentrations of 1.2 M and 
above 1 M lithium sulfate concentration. Gelation occurs at an ammonium sulfate 
concentration of 1.25 M and pH 8.5 as well as at lithium sulfate concentrations of 1.25 M 
in the pH range of 7 to 9. In the presence of sodium sulfate, the salting-in behavior is 
comparable to that of mAb05a and mAb04c. 
 
Figure 4.4:  Phase diagrams of mAb02a with ammonium (a), lithium (b), and sodium sulfate (c) as a function 
of the pH 
4.3.3 Influence of chloride salts on mAb04c, mAb05a and 
mAb02a phase behavior: Ammonium and sodium chloride 
The systems containing chloride salts analyzed were ammonium chloride and sodium 
chloride. mAb04c and mAb05a did not show any phase transition with ammonium 
chloride in solution, whereas light precipitation of mAb02a occurred in the small pH range 
of 7 - 8 below ammonium chloride concentrations of 0.375 M. The phase diagrams for the 
three antibodies and sodium chloride are plotted in figure 4.5. For mAb04c and sodium 
chloride, only light precipitation occurs in the pH range from 6 to 9 for protein 
concentrations of up to 15 mg/mL and salt concentrations below 0.15 M. For sodium 
chloride and mAb05a as well as for mAb02a, light precipitation is induced at higher salt 
concentrations of about 0.375-1 M. Above this salt concentration, the solution stays clear 
for all antibodies.  
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Figure 4.5:  Phase diagrams of mAb04c (a), mAb05a (b), and mAb02a (c) with sodium chloride as a function 
of the pH 
4.3.4 Time-dependent analysis of the phase behavior 
The time span between the start of the experiment and first visible structures due to phase 
transition was analyzed when determining the phase behavior. The solution became cloudy 
and white-gray aggregates were built. In none of the systems were droplets visible over the 
experiment duration at the resolution limit. This behavior differs from that observed for 
antibodies by Jion et al. [25] and Lewus et al. [10] Ahamed et al. [26], by contrast, 
observed precipitation comparable to our findings for the antibody IDEC-152. However, 
we do not share his opinion that a precipitating sample can be described as an LLPS 
according to Cheng et al. [27]. Cheng et al. [27] only describe the supernatant of a 
precipitating sample in the equilibrium state, which is qualitatively consistent with the low-
concentration branch of the metastable liquid-liquid phase boundary. The precipitate is 
defined as a frustrated liquid-liquid phase separation, which is kinetically trapped and, 
hence, not consistent with the dense phase of the LLPS. 
In this work, it is therefore distinguished between precipitation (white-gray aggregates) and 
LLPS. Depending on the conditions, crystals developed from these aggregates. All 
antibodies showed a predominantly instantaneous and strong precipitation in ammonium 
sulfate. In the case of mAb04c in ammonium sulfate, only the crystallized samples showed 
a time delay. The highest probability and the broadest region of crystallization were 
reached for mAb04c with lithium sulfate. Sodium sulfate led to a late phase transition 
compared to ammonium sulfate or lithium sulfate. The higher the salt concentration is, the 
faster is the phase transition. The longest time span until a phase transition was measured 
in sodium chloride. Exceptions with no phase transition after 40 days are mAb04c and 
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mAb05a with ammonium chloride. These results are summarized in figure 4.6 exemplarily 
for the combination of mAb04c and the sulfate salts of ammonium, lithium, and sodium 
sulfate at pH 8.0 – 8.3. The color as well as the size of the symbols represent the time of 
first visible structures. 
  
Figure 4.6:  Phase transition of mAb04c at pH 8.0 - 8.3 for ammonium, lithium, and sodium sulfate. Color 
and size represent the time of first visible structures 
4.3.5 Size of crystals 
mAb04c was the only antibody in this screening revealing crystallization results over a 
broad pH and salt concentration range. With lithium sulfate, a detailed and systematic 
phase diagram was obtained, in which a discrete partitioning between a clear stable 
solution and aggregation (crystallization and precipitation) could be achieved. For a 
constant protein concentration of 9 mg/mL and varying salt concentrations between 0.3 
and 0.8 M, results are presented in figure 4.7. From 0.3 to 0.4 M the needle-shaped crystals 
increase in quantity and size up to 400 µm. Further increase in the salt concentration up to 
0.5 and 0.6 M leads to a decreasing size down to 100 µm, while the quantity is increased. 
At 0.7 M, only precipitate or microcrystals smaller than 10 µm are built. At a salt 
concentration of 0.8 M, the microcrystals aggregated, leading to spherical particles in the 
form of sea urchin-like structures of 50 µm in diameter (figure 4.7) comparable to those 
mentioned in literature [28,29]. For decreasing protein concentrations, the number of 
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crystals was reduced, while the sizes of the crystals were comparable. Irrespective of the 
tested protein concentrations, particle sizes for lithium sulfate are summarized as mean 
values in figure 4.8 (b). 
 
Figure 4.7:  Phase behavior of mAb04c with lithium sulfate at cmAb04c = 9 mg/mL and 
clithium sulfate = 0.3 - 0.8 M; 0.5 and 0.8 M images are zoomed 
Screening conditions of mAb04c with ammonium sulfate as well as with sodium sulfate 
produce crystals in a small range near the apparent shift from the clear solution to the 
precipitate, as illustrated by figure 4.2. The resulting mean particle sizes are summarized 
for ammonium sulfate and sodium sulfate in figure 4.8 (a, c). No systematic relationship 
between the crystal size and salt concentration can be found for these two salts. The 
biggest sizes of crystals are obtained for ammonium sulfate near the pI at pH 8.2. For 
sodium sulfate, two local maxima exist around pH 7 and 9 with particle sizes smaller than 
100 µm. 
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Figure 4.8:  Length of the mAb04c crystals obtained in ammonium sulfate, lithium sulfate, and sodium sulfate 
4.4 Discussion 
An automated platform process and a novel buffer system of constant composition were 
developed to systematically screen the phase behavior of proteins. The main advantage of 
the buffer system consists in its constant buffer capacity (10 mM) and component 
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composition over the pH range from 5 to 9. Only the NaOH content changes with the pH. 
Various salts can be used as precipitant. With the help of a robotic platform, 3D phase 
diagrams were obtained as a function of the pH and salt and protein concentrations. 
Screening with one protein and salt type required a minimum of six buffers. For every 
additional salt, only two more salt buffers were needed. The ratios of the different buffers 
were adjustable at will to screen interesting conditions in detail. Using a microbatch 
approach, the conditions set did not change during the experiment. Moreover, the 
experimental approach could be applied easily to different proteins. Having characterized 
the phase behavior over time with an imaging system, additional information is obtained 
about the pathway of phase transition and its kinetics. Additional automated image 
evaluation with software like ImageJ can further reduce the analysis expenditure of the 
images. In this way, a method to systematically determine the influence of the fluid phase 
conditions was successfully established.  
Because the protein phase behavior is poorly understood, theoretical considerations cannot 
replace such a screening [30]. Other experimental techniques, such as the screening for B22 
values, might help to increase the crystallization probability. However, the experimental 
effort as well as the protein and time consumed for B22 determination under one condition 
is quite high, as shown by the theoretical considerations of Ahamed et al. [31]. Moreover, 
theoretical models cannot replace phase behavior experiments, because quantitative 
predictions are not possible [10]. 
4.4.1 Phase behavior of the three antibodies 
Interactions of protein molecules are complex due to their individual structure and size 
[32,33]. According to van Oss et al. [34], the interactions among antibodies seem to be 
more hydrophobic compared to other proteins. Nevertheless, a more detailed understanding 
of the phase behavior and in particular of the salt influences on protein phase behavior is 
lacking [7,33,35]. For this reason, the established screening procedure was applied to three 
different antibodies in combination with five different salts. 
In none of the analyzed systems, was a liquid-liquid phase separation (LLPS) visible in the 
form of droplets in the resolution range. However, a high amount of aggregates formed 
first, which correspond to high local protein concentrations. Nuclei built and the aggregates 
fed the growth of the crystals. According to Ng et al. [36] and Streets et al. [37], this 
behavior is crystal growth by Ostwald ripening. Over a period of a few days, the 
aggregates almost dissolved. This is a sign of dominant short-range interactions in these 
systems and the phase behavior deviates from the classical nucleation theory [38,39]. The 
number of crystallization nuclei is a function of supersaturation. As shown in figure 4.7, 
the size of the crystals for mAb04c and lithium sulfate increased under conditions closer to 
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the metastable region. With increasing supersaturation, the amount of crystals increased, 
while the size decreased from 400 to 10 µm. The time of their appearance decreased from 
several hours to instantaneous aggregation. The crystallization probability of mAb04c with 
ammonium sulfate and sodium sulfate in the screening experiments was smaller under the 
tested conditions compared to that of lithium sulfate. On the other hand, most systems, 
especially with mAb05a and mAb02a, showed a direct transition from the clear solution to 
precipitation with increasing salt concentration. These systems have a too small metastable 
region compared to the mAb04c and sulfate systems. The kinetics may be too slow to 
obtain crystals within 40 days or nuclei cannot grow to crystals above the solubility line 
due to inhibited orientation of the molecules towards each other. The latter is also 
considered for the samples of mAb05a and mAb02a showing gelation, a state in which a 
further orientation of the molecules is kinetically hindered and dynamically arrested [10]. 
In contrast to an LLPS, this state is a non-equilibrium state and according to Evans et al. 
[40], nucleation is improbable. 
For the sulfate salts, it was shown that a pH value close to the pI of the protein induced 
more effective aggregation and the desired crystallization, respectively. This is in 
agreement with Chernov et al. [41] and Collins et al. [42]. The broadness of the pH range 
in which the crystallization occurred is dependent on the cation (figure 4.2). 
4.4.2 Influence of the different anions 
The influence of salts on the protein behavior in solution is often described by the 
Hofmeister series [35,43-45]. In 1888, Hofmeister stated a stronger impact of anions on the 
protein phase behavior, which has been an often shared opinion in literature until today 
[42,46-48]. Accordingly, all three antibodies showed no or only slow and light 
precipitation in the presence of the Cl
- 
anion. This anion is located at the borderline 
between chaotropic to kosmotropic. Moreover, the antibodies were stabilized in solution at 
high salt concentrations. With the kosmotropic SO4
2-
 anion, the aggregation in solution was 
more pronounced over a broad salt concentration range and often instantaneous. The 
salting-out effect increased with increasing salt concentration. In addition, a more 
differentiated phase behavior with crystallization and precipitation as well as gelation was 
obtained for all antibodies. The anions were ordered according to Hofmeister from 








Antibody aggregation followed the Hofmeister series independently of the pH. However, 
the antibodies were positively charged for a pH below their pI of 8.2 - 8.8. Consequently, 
the reverse Hofmeister effect was expected in literature [42,44]. Other authors [44,47,50] 
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affirm a reverse Hofmeister series for salt concentrations lower than 200 - 300 mM 
monovalent salt only. In this concentration range light precipitation of the antibody was 
observed for sodium sulfate and sodium chloride systems only. mAb04c was crystallized 
effectively with the kosmotropic anion SO4
2-
 and none of the antibodies crystallized 
reproducibly with the more chaotropic anion Cl
-
, as had been proposed by Collins et al. 
[42,51] for basic proteins.
 
4.4.3 Influence of different cations 
Although anions are dominant in inducing aggregation, the differences in anions are not 
sufficient to describe the overall phase behavior observed, since the aggregation 
probability differs with the cation as well [10,42,52]. Hofmeister already published a series 
for cations, but in literature this series is modified depending on the investigated protein 
[10,41,53]. Consequently, the series is more ambiguous than that of the anions [10,33]. 
Working with the same sulfate anion, the aggregation probability of Na
+
 was already high 
at salt concentrations of 0.05 M for mAb04c, mAb05a as well as for mAb02a and tested 
protein concentrations of up to 10 mg/mL (figure 4.2 and figure 4.3). Heavy precipitate 
was observed at 0.5 M for mAb04c. On the other hand, mAb04c in Li
+
 (0.3 M) or NH4
+
 
(0.6 M) required higher concentrations for aggregation and the heavy precipitation 
occurred in comparable concentration ranges. mAb05a and mAb02a showed comparable 
trends (figure 4.3). Nevertheless, the strength of aggregation followed an opposite trend. 
The probability of crystallization was higher for mAb04c with lithium sulfate than with 
ammonium sulfate (figure 4.2). The pH and salt concentration range in which 
crystallization occurred were broader for lithium and sodium sulfate than for ammonium 
sulfate. mAb05a gelled with lithium sulfate from pH 7 to 9, while ammonium sulfate 
induced gelation only close to pH 8.5. Moreover, the aggregation was mainly direct for 
ammonium sulfate and the time of first visible structures increased from lithium sulfate to 
sodium sulfate (figure 4.6) for all antibodies. 
For the Cl
-
 anion, no aggregation of mAb04c and mAb05a and only light precipitation of 
mAb02a in the pH range of 7.5 - 8 were observed in combination with NH4
+
. With sodium 
chloride, all antibodies showed light precipitation, while the salt concentration range of 
mAb04c was significantly smaller than for mAb05a and mAb02a. 
Based on an overall analysis of the results, the cations were sorted according to Baldwin et 
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Then, the investigated phase behavior of all three antibodies with the five salts can be 
correlated to the following Hofmeister series: 
Na2SO4 > Li2SO4 > (NH4)2SO4> NaCl > NH4Cl 
Although the antibodies are mainly positively charged in the pH range analyzed, the direct 
Hofmeister series is obtained. Because salt concentrations higher than 200 - 300 mM 
monovalent salt induce aggregation, these findings are in agreement with Zhang et al. [47] 
and Schwierz et al. [50]. A special behavior was induced by the Na
+ 
cation. At low salt 
concentrations, light precipitation was observed for sodium sulfate and sodium chloride. In 
combination with sodium sulfate, all three antibodies showed a salting-in effect above 
0.125 M sodium sulfate (figure 4.2 f and figure 4.3 e, f). An equivalent effect was found 
for mAb04c with sodium chloride in the same salt concentration range (figure 4.5 a). For 
mAb02a and mAb05a, the range of light precipitation was shifted towards higher sodium 
chloride concentrations up to 1 M (figure 4.5 b). 
4.5 Conclusions 
A systematic approach to describing protein phase behavior was established. For this 
purpose, a buffer system with a constant buffer capacity over the broad pH range (5 - 9) 
was implemented to exclude influences from varying buffers. By applying the process on a 
robotic platform in a microbatch format, it is possible to generate an extensive database of 
known conditions in 3D phase diagrams. The analysis of the phase behavior with an 
imaging system allows the description of the phase behavior after a certain time, but also 
for the determination of the pathway and the kinetics of phase transition. Thus, detailed 
information about the phase behavior of proteins is gained in only one screening. 
Using this approach, the phase behavior of three antibodies was analyzed systematically in 
3D phase diagrams as a function of the pH and varying salt and protein concentrations for 
five different salts. Overall, the anions have a stronger influence on the phase behavior, 
with their impacts differing for all three antibodies. Because the influence of the cation on 
the phase behavior of the three antibodies is more ambiguous, a universal series in terms of 
a Hofmeister series can be determined at least partly in order to describe the precipitating 
effects of the salts. Protein crystallization and the pH influence on aggregation cannot be 
described by this series for the three antibodies. Although the theoretical explanation 
cannot be resolved, this series and the study of crystallization probability as well as of the 
pH influence help to understand the phase behavior of the antibodies. These data may 
serve as basis for further investigations. A detailed analysis of thermodynamic effects or 
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structural differences of antibodies would be advantageous and could foster fundamental 
understanding. 
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Abstract 
Antibodies are complex macromolecules and their phase behavior as well as interactions 
within different solvents and precipitants are still not understood. To shed some light into 
the processes on a molecular dimension the occurring self-interactions between antibody 
molecules were analyzed by means of the osmotic second virial coefficient (B22). The 
determined B22 follows qualitatively the phenomenological Hofmeister series describing 
the aggregation probability of antibodies for the various solvent compositions. However, a 
direct correlation between crystallization probability and B22 in form of a crystallization 
slot does not seem to be feasible for antibodies since the phase behavior is strongly 
dependent on their anisotropy. Kinetic parameters have to be taken into account due to the 
molecular size and complexity of the molecules. This is confirmed by a comparison of 
experimental data with a theoretical phase diagram. On the other hand the solubility is 
thermodynamically driven and therefore the B22 could be used to establish a universal 
solubility line for the monoclonal antibody mAb04c and different solvent composition by 
using thermodynamic models. 
5.1 Introduction 
Active proteins are complex molecules due to their sequence variability and individual 
structure. This said, the highly conserved structure of monoclonal antibodies led to a 
production platform approach based on cultivation, harvest and purification steps centered 
around Protein A chromatography as a high affinity chromatographic operation [1]. 
Nevertheless production process buffer conditions, additives and contaminant 
compositions may change frequently due to different process steps. Thus, conditions need 
to be selected in terms of preserving protein stability and activity [2]. An overview of 
agents that may enhance solubility is listed by Bondos et al. [3]. Examples for potential 
crystallization agents are published by Rupp [4]. However, the complex influence of 
physical process parameters like pH, conductivity, temperature, type and concentration of 
buffer, salt, additives and contaminants as well as physical characteristics of the protein, 
such as hydrophobicity on protein phase behavior and solubility are still not understood 
[5]. For salts the Hofmeister series is a good approximation toward their ability to induce 
aggregation probability of proteins, however this series or its numerous variations is 
neither sufficient to describe at which concentration the aggregation might occur, nor to 
take structural specifics of proteins into account [6,7]. 
Given that molecular understanding is far from being established as today’s molecular 
modeling tools cannot handle the above mentioned complexity, thermodynamic 
approaches arising from physical chemistry and simplifying the complexity of the system 
at hand are the only toolbox currently available. One promising approach might be the 
correlation between protein phase behavior and the nature of protein-protein interactions. 
Hard sphere, van der Waals, electrostatic, hydrophobic and osmotic forces contribute to the 
protein interactions. These interactions are traditionally characterized in a diluted solution 
and quantified via the osmotic second virial coefficient (B22) [8]–[10]. The B22-value 
represents the magnitude and direction of the non-ideality of the osmotic pressure π in a 
diluted protein solution. It is part of the virial expansion of the osmotic pressure π:  
 𝜋 = 𝑅𝑇𝑐𝑃 (
1
𝑀𝑊
+ 𝐵22𝑐𝑃 + ⋯ ) (5.1) 
The parameters are the universal gas constant R, the temperature T, the protein 
concentration cP and the molecular weight of the protein MW. The parameter B22 describes 
the nature of interactions between two proteins in their environment. Positive B22-values 
represent repulsion whereas negative values describe attraction.  
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Positive B22-values are thus the aim when formulations of higher protein solubility and 
stability need to be found. Examples are given in the literature for lysozyme [11] and an 
IgG1-antibody [12]. For negative B22-values and thus attracting conditions George and 
Wilson [13] reported an empirical correlation between the probability of protein 
crystallization and slightly negative B22-values. Within the so called “crystallization 
slot” -8 ·10
-4




 model proteins such as lysozyme, bovine serum 
albumin (BSA), Ovalbumin and Ribonuclease A crystallized due to slight attraction 
[13,14]. Using this approach bovine chymotryspinogen A could be crystallized with 
sodium chloride by varying the ionic strength and the pH within the crystallization slot 
[15], crystals of membrane protein were obtained by analyzing the changes in B22-values 
for different amphiphiles and additives [16] or the antibody IDEC-152 was enhanced to 
build crystals by investigating the influence of pH and precipitant on B22 [17]. Although all 
of the above proteins including the antibody IDEC-152 showed a higher crystallization 
probability in this crystallization slot, some authors [18,19] recommend a modified 
crystallization slot for larger protein molecules with a molecular weight above 
approximately 100 kDa which covers the size range of antibodies. Vivarès and Bonneté 
[18] showed this for Urateoxidase (128 kDa) as well as Ebel [19] for malate 
dehydrogenase (130 kDa). Haas and Drenth [20] postulated that for protein molecules in 
the range of 140 kDa the modified crystallization slot ranges 
from -0.9 ·10
-4




, whereas for proteins with a molecular 
weight of 14 kDa the crystallization slot ranges from -9 to -3.5·10
-4
 mol mL g
-2
.  
The thermodynamic background of the B22 and its connection to the phase behavior in 
protein solutions is provided in detail by Elcock [21], Neal [22,23] and Ruppert [24]. 
Moreover, a correlation between the B22 and the solubility s defined as the protein 
concentration in a saturated solution is published by Haas et al. [20,25,26] with the Haas-









𝑧⁄ − 1}] (5.2) 
The parameter ρP is the protein density, z the coordination number of the protein crystals 
and m = Ω/ω the number of water molecules, which have the equivalent volume as one 
protein molecule. Ω is the volume of one protein molecule and ω the molar volume of 
water VW divided by the Avogadro number NA. A is a single free adjustable parameter:  
 𝐴 = 𝑝(𝜈3 − 1) (5.3) 
The parameter A itself depends on the degree of anisotropy p and the range of interaction ν. 
The anisotropy p ranges from 0 to 1, whereby p = 1 describes isotropic interactions. For 
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protein crystals coordination numbers of z = 4 - 6 are frequently obtained in experiments 
[26]. Haas et al. [25] based their model on the assumption, that variations of crystallization 
conditions, like solvent, temperature and pH only have little effect on the product of 
anisotropy and range of interactions between protein molecules p (ν
3
 - 1) and therefore on 
A.  
Another model has been established by Ruppert et al. [24]. The Ruppert-Sandler-Lenhoff 
(RSL)-model is derived from the equality of the protein fugacities in the liquid and solid 
equilibrium phases using the infinite dilution as standard state for the liquid phase. It is 














VP = Ω·NA is the partial molar volume of the protein at infinite dilution in the aqueous 
solution, dn/dcP describes the refractive index increment, n0 the refractive index and AC 
plus K are adjustable parameters. 
 
Figure 5.1: Schematic phase diagram of proteins on the basis of Haas et al. [20], Ahamed et al. [27], and 
Lewus et al. [17] 
Regarding a schematic and simplistic phase diagram as plotted in figure 5.1 on the basis of 
Haas et al. [20], Ahamed et al. [27] and Lewus et al. [17] the solubility line separates the 
undersaturated from the supersaturated region. Above the solubility line - undersaturated 
region - the protein solution is stable with respect to phase changes. Between solubility line 
and binodal, a phase transition (liquid-solid) may occur with its one state on the solubility 
line being in equilibrium with the solid state - gray gradient on the right hand side of figure 
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5.1- as found in classical nucleation theory [28]. Crystals develop from solution in this 
two-state region. The binodal represents the coexistence curve at which two liquid phases, 
a protein rich and lean phase, can coexist. Between binodal and spinodal (light grey zone) 
conditions are metastable. Within the spinodal region the system is instable and such a 
system leads to an instantaneously spinodal decomposition into the two phases with its 
local equilibria on the binodal. The resulting LLPS is in this case metastable and 
crystallization might happen out of the protein rich phase. A combination of 
experimentally obtained solubility data, binodal data and thermodynamic approaches listed 
above allows the establishment of such a phase diagram as shown previously for few 
model proteins [20,24,25] and a monoclonal antibody (IDEC-152) [17,27].  
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The volume fraction of the protein is described by ϕP, the volume fraction of the protein in 
the crystal by ϕc and the protein-protein interactions are described by the parameter gλ: 
 𝑔𝜆 = 𝑘𝐵𝑇𝜙𝑐(𝐵22𝑀𝑤𝜌𝑃 − 4) (5.6) 
The corresponding protein lean and protein rich phases in the LLPS at the binodal ϕα and 
ϕγ are calculated by: 



































= 0 (5.9) 
and 







= 0 (5.10) 
The question arises if these simplifications of thermodynamic principles including the B22 
are applicable to describe phase behavior of complex and large molecules such as 
monoclonal antibodies and whether empirical ranges for example in form of a 
crystallization slot allow a general description of phase behavior of antibodies. 
At first sight monoclonal antibodies seem to be a perfect candidate system for a general 
application of crystallization given the high degree of homology found for this molecule 
class. However, reports from the literature and industry show that this is not the case [29] 
In general every mAb shows structural differences in the variable Fab region determining 
the specific affinity of each antibody. When examining the constant region Fc of the IgG 
subclasses, we find a homology of around 95%. However, there are more pronounced 
differences when comparing the different subclasses. Major structural differences in the Fc 
region leading to differences in the surface pattern but most important leading to the 
flexibility of the respective IgG subclass found in the hinge region. This is due to a 
changing number of residues and inter-chain disulfide bonds. The flexibility of the hinge 
region mainly serves the ability to interact with differently spaced epitopes but will thus 
also determine antibody–antibody interactions. In the present manuscript, we compare the 
behavior and interaction parameters of three antibodies belonging to two IgG subclasses, 
namely IgG1 and IgG4. Comparing IgG1 and IgG4 we find a difference in the hinge amino 
acids number 15 and 12 respectively giving rise to a higher flexibility between the Fab 
arms as well as between Fc and Fab for IgG1 [30].  
A first focus was laid to evaluate if clear differences between the three mAbs and two 
subclasses could be identified in terms of interaction parameters. We systematically 
analyze the phase behavior of three antibodies under different fluid phase conditions with 
respect to the self-interaction of the protein molecules. The self-interaction in form of the 
B22 was experimentally determined using static light scattering (SLS). The use of a buffer 
system enabled us to analyze the influence of three different salt types with varying 
concentration in a pH-range from pH 5 - 9. This was followed by a more detailed 
investigation of mAb04c belonging to the subclass IgG4. The results are compared with 
two dimensional phase diagrams from microbatch experiments to evaluate the 
transferability of B22-values on the macroscopic phase behavior [6] as well as the 
applicability of the crystallization slot. The correlation of the already established 
Hofmeister Series for the three antibodies [6] 
Na2SO4 > Li2SO4 > (NH4)2SO4> NaCl > NH4Cl 
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and the B22 was investigated by means of ammonium sulfate, lithium sulfate and sodium 
chloride. Additional experimental solubility data are used to model the universal solubility 
line with the thermodynamic approaches of equation (5.2) and (5.4). Finally, a comparison 
of an experimentally determined phase diagram with the thermodynamic model according 
to (5.5)-(5.10) is presented for the system of the antibody mAb04c with lithium sulfate. 
5.2 Material and Methods 
5.2.1 Chemicals 
Protein A-purified monoclonal antibodies mAb04c (type IgG4, pI 8.3-8.8), mAb05a (type 
IgG1, pI 8.2-8.5) and mAb02a (type IgG1, pI 8.3-8.9) in solution were kindly provided by 
Boehringer Ingelheim Pharma GmbH & Co. KG, Biberach, Germany. The provided 
antibody solution was processed with Vivaspin 20, Vivaspin 2 or Vivaspin 500 (30 kDa 
Cutoff PES-membrane, VS2022, VS0222 and VS0122, Sartorius Stedim Biotech, 
Göttingen, Germany) several times at 8,000 g and 20°C to achieve full buffer exchange. 
The protein concentration was then adjusted to the desired value using UV-absorption 
measurements at 280 nm (Tecan infinite
®
 M200, Tecan Group, Crailsheim, Germany). 
The chemicals acetic acid, sodium hydroxide (NaOH), MES, lithium sulfate (Li2SO4) and 
sodium chloride (NaCl) were obtained from Merck KGaA (Darmstadt, Germany), 
MOPSO, CHES and ammonium sulfate ((NH4)2SO4) from Applichem GmbH (Darmstadt, 
Germany), HEPPSO from molekula Germany Ltd. (Taufkirchen, Germany) and sodium 
sulfate from Fluka™ (Sigma-Aldrich GmbH, St. Louis, MO, USA). 
The buffer system with a constant buffer capacity of 10 mM in the pH-range of 5 - 9 
applied in this study contains five monoprotic acid-components: 10.05 mM MES, 16.6 mM 
acetic acid, 8.9 mM MOPSO, 12.3 mM HEPPSO and 14.4 mM CHES and was titrated 
with 4 M NaOH to the required pH between 5 and 9 (HI-3220, HANNA instruments US, 
Woonsocket, Rhode Island, USA). As precipitant or respectively salt component, lithium 
sulfate, ammonium sulfate and sodium sulfate were used. For the B22-measurements the 
buffer was prepared using the desired salt concentration and pH. For a more detailed 
information on preparation of the buffer system see Rakel et al. [6]. 
All prepared buffers and protein samples were filtered with a 0.2 µm cellulose membrane 
to avoid contamination and dust particles in the solutions. 
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5.2.2 Determination of B22 
The B22 was determined from changes in averaged scattered light intensities using an 
automated-batch composition gradient multiangle light scattering system with seven SLS 
detectors at different angles and an additional dynamic light scattering detector to indicate 





Wyatt Technology Corp., Santa Barbara, CA, USA, Software CALYPSO Version 1.2.8.5, 
ASTRA Version 5.3.4.20). The experiments were conducted and analyzed according to 
Rakel et al. [31]. The flow rate was set to 0.6 mL/min and the delay time to a minimum of 
60 sec for the measurement at each concentration step. The background scattering of pure 
solvent was subtracted. The protein concentration was determined with the refractometer 
by applying the refractive index increment dn/dcP = 0.185. The B22 was calculated 
according to Zimm [32]. A protein concentration dependency of the apparent molecular 
weight comparable to that of mAb2 as published by Scherer et al. [33] was detected for all 
antibodies. However, the extrapolation to infinite dilution resulted in deviations of the 
molecular weight MW comparable to the literature data [34]–[36]. 
5.2.3 Determination of macroscopic phase behavior 
The analysis of macroscopic phase behavior is described in detail in Rakel et al. [6]. 
Therefore only a brief description is given below. The preparation of the screening 
conditions was conducted with a robotic platform (Freedom EVO
®
 100, Tecan Group, 
Männedorf, Switzerland). Ammonium and lithium sulfate were used as precipitants with 
maximal salt concentrations of 3 M and 2.5 M in the salt buffer. First the precipitation 
buffer was prepared in 2 mL scale in 96 deep well plates (Nalgene Nunc, Rochester, NY, 
USA, product no. 260252) by mixing different ratios of pH 5 and pH 9 salt-free and salt 
buffers (maximal salt concentrations for lithium sulfate 2.5 M and ammonium sulfate 
3 M). Accordingly, the starting buffer containing different antibody concentrations and 
different pH-values was prepared in 100 µl scale (1.5 mL Safe-Lock tubes™, Eppendorf 
AG, Hamburg, Germany, product no. 0030 120.086). To finally reach the screening 
conditions 10 µl starting buffer and 10 µl precipitation buffer were mixed in microbatch 
plates (MRC Under Oil 96 Well Crystallization Plate, Swissci AG, Neuheim, Switzerland; 
Crystal Clear Sealing Tape, Hampton Research CORP., Aliso Viejo, CA, USA, product 
no. HR4-506). The phase behavior was analyzed with an imaging system (Formulatrix, 
Waltham, MA, USA, Software Rock Maker) over 40 days and classified in clear, 
precipitate, LLPS, gelation and crystals according to Bergfors [37]. The mean of the 
longest side of 5 - 10 crystals was determined as mean crystal size. With an investigation 
of the time at which phase transition was visible, information about the kinetic could be 
achieved. 
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The second aggregation line was determined according to Dumetz et al. [28]. It 
characterizes the protein concentration at which the aggregation is instantaneously visible 
for a constant salt concentration. For mAb04c this data was extracted from former kinetic 
measurements for lithium sulfate at pH 8 and ammonium sulfate pH 8.5 ± 0.2 [6]. The 
concentrations were converted into volume fractions with equation (5.12). 
5.2.4 Determination of solubility (s) 
Batch experiments were conducted in a 2 mL scale at the conditions listed in table 5.1. 
Protein and salt in the respective buffer were mixed in the concentrator body of a 
Vivaspin 2 (Cut off 300 kDa, PES-membrane, VS0222, Sartorius Stedim Biotech, 
Göttingen, Germany), which was sealed completely. The initial protein concentration of 
the screening condition cpro,ini was determined from UV-absorption measurements at 
280 nm. Under the assumption that after 2 weeks of storage at room temperature 
equilibrium was reached, phase composition was analyzed in respect of protein 
concentration in the liquid phase. To do so, the sealing of the concentrator body was 
removed and the supernatant was collected in the filtrate tube by centrifugation of the 
Vivaspin at 4,000 g as long as liquid phase remained in the concentrator body. The solid 
phase (crystals or precipitate) was retained in the concentrator body. Protein concentration 
cpro,liq of the obtained filtrate (the supernatant of the experiment) was determined from UV-
absorption measurements at 280 nm. The experiments were conducted in duplicates when 
not otherwise mentioned. The determined values were used for the solubility line 
determination applying equations (5.2) and (5.4) as described in detail below. 
In addition, the reproducibility and the dependency of the solubility on the initial protein 
concentration of the experiments were analyzed. Therefore, quadruplicate measurements 
were conducted with cpro,ini = 10 mg/mL mAb04c for final lithium sulfate concentrations of 
0.6 M and 1 M (pH 8) as well as final ammonium sulfate concentrations of 0.6 M (pH 9) 
and duplicate measurements for solubility determination for initial mAb04c concentrations 
of 10, 8, 7.5, 7, 6, 5, 3.5 mg/mL in 0.6 M lithium sulfate and pH 8. The average is plotted 
in figure 5.5. Since the standard deviation for the reproducibility for one condition as well 
as for different initial protein concentrations was below 0.2 mg/mL, these parameters are 
not further discussed.  
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Table 5.1:  Investigated mAb04c-Salt Systems for Solubility Determination; 
*
single experiment 
































5.2.5 Determination of volume fractions (ϕP) 
To establish a more quantitative phase diagram for the mAb04c the protein fractions in the 
solid ϕpro,crs and liquid phase ϕpro,liq after phase separation (eql) were determined.  
The protein volume fraction in the crystal phase ϕpro,crs and liquid phase ϕpro,liq are defined 
according to equation (5.11) and equation (5.12) respectively: 
 
where Vcrs,eql describes the volume of the obtained solid phase (crystals), Vpro,crs the volume 
of protein in the crystal, mcrs,eql, mpro,crs, ρcrs,eql and ρpro,crys the respective masses and 
densities. Respectively, Vliq,eql describes the volume of the “supernatant” liquid phase, 
Vpro,liq the volume of protein in the liquid phase, mliq,eql, mpro,liq, ρliq,eql and ρpro,liq the 
respective masses and densities. 
The system points analyzed in the protein phase diagram contained varying lithium sulfate 
concentrations of 0.4, 0.5, 0.6 and 1 M while the initial protein concentration cpro,ini was set 
to either 8 mg/mL or 10 mg/mL. The pH was set to pH 8. 
As volumetric measurements are rather difficult to perform a mass based analysis was 
chosen. All weight measurements were carried out with an analytical balance (Talent 
TE214S, reproducibility ≤ ± 0.1 mg , Sartorius AG, Göttingen, Germany). For each initial 
liquid system (liq,ini) – containing varying concentrations of water, buffer salts, salt and 
protein – the mass mliq,ini of a set volume Vliq,ini and thus density ρliq,ini were determined 
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and parts thereof used (Vivaspin 2, Cut off 300 kDa, PES-membrane, VS0222, Sartorius 
Stedim Biotech, Göttingen, Germany) were determined before each experimental 
procedure.  
For the analysis of a system point the experimental procedure described above for the 
determination of protein solubility s is followed.  
After equilibration and centrifugation the remaining solid phase mass in the concentrator 
body mcrs,eql and the mass of the liquid phase mliq,eql collected in the filtration body were 
weighted subtracting the weight of the empty devices. Remaining liquid attached to the 
concentrator body of the filtration device is neglected.  
The protein mass mpro,liq in the liquid phase – as collected in the filtrate – was calculated 
from the total mass mliq,eql collected, its density ρliq,eql and protein concentration cpro,liq. 
Protein concentration in the filtrate cpro,eql was determined by UV 280 measurements as 
described above. 
The protein mass in the crystal mpro,crs was determined using an simple mass balance 
according to equation (5.13): 
The mean crystal density ρcrs,eql was determined to 1.36 mg/mL using a 1 mL pycnometer 
(30642.09, Klaus Hofmann GmbH, Staudt, Germany). Protein density ρpro was assumed to 
be the same in both phases (ρpro,crs and ρpro,liq) and set to 1.44 mg/mL [27]. The 
determination of the solid phase has in general shown difficulties and the overall failure is 
comparable to those in the literature [27]. The deviation in the solid phase can have a 
variety of reasons including experimental handling procedures such as filtration, weighting 
and evaporation. 
The theoretical solubility (equation (5.2)) is divided by the protein density 
(ρpro = 1.44 g/mL [27]) to gain the protein volume fraction of the saturated solution. 
5.2.6 Model application 
The solubility line was determined using the solubility values and respective B22-values for 
the system points described above. For interpolation of B22-values not determined 
experimentally, the linear slope between the neighboring points was used. The non-linear 
fitting of both models for solubility line determination (equation (5.2) and (5.4)) was 
conducted with a Levenberg-Marquardt iteration. The iteration converged and was 
terminated when a Chi-square tolerance of 10
-9
 was reached. 
 𝑚𝑝𝑟𝑜,𝑐𝑟𝑠 = 𝑚𝑝𝑟𝑜,𝑖𝑛𝑖 − 𝑚𝑝𝑟𝑜,𝑙𝑖𝑞 (5.13) 
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For using the HDW-model (5.2) for the solubility line determination the value of 
Ω = 166.5 nm
3
 was adopted from Ahamed et al. [27], the Avogadro number NA is 
6.022·10
23
 1/mol and VW = 18.051 cm
3
/mol. The density of the protein crystal was 
experimentally determined to ρc = 1.36 g/mL, which matches the postulated value for 
proteins of Haas et al. [38]. As starting points the coordination number z was set to 4 and A 
to 0.01 according to the determined values for lysozyme of Haas et al. [25].  
The missing parameters for the RSL-model (5.4) were set to 
VP = Ω·NA = 100266.3 mL/mol, the dn/dcP was set to 0.185 mL/g and n0 = 1.34 was 
adopted from Mehta et al. [39], since small variations in the refractive index have only 
little influence on the results. The starting values of K = 0.9709 and Ac = -0.4150 were set 
according to the determined values for lysozyme [24]. 
The binodal and spinodal were modeled according to equations (5.5) - (5.10). The 
parameters Ω = 166.5 nm
3
 [3,27], ϕc= 0.37 [40] and m = 5552.8 [27] were adopted from 
literature. The non-linear set of equation (5.7) and (5.8) was solved for ϕα and ϕγ as a 
function of B22-values using Microsoft Excel Solver. Equation (5.9) and (5.10) were fitted 




5.3 Results and Discussion 
5.3.1 Electrostatic interactions: Influence of pH on B22-values 
The influence of pH on B22-values was analyzed in the buffer system described above for 
antibodies mAb04c (IgG4), mAb02a (IgG1) and mAb05a (IgG1) with a constant buffer 
capacity of 10 mM. The results are plotted in figure 5.2. At pH 5 positive B22-values in the 
same range are obtained for all antibodies. From pH 5 to 7 mAb04c shows a stronger 
decrease with increasing pH to negative B22-values compared to the IgG1 candidates 
mAb05a and mAb02a. A slight increase in the B22 between pH 8 and 9 for mAb04c results 
finally in B22-values comparable with those of mAb05a and mAb02a, which are decreasing 
from pH 7 - 9. 
Overall the results confirm common understanding that an increased net charge leads to 
repulsion and thereby an increase in B22-values [41,42], as shown by the B22-values at 
pH 5. While a pH dependency of the B22-value is expected due to the varying net charge of 
the antibodies we see a distinct difference for the different mAbs investigated. The two 
IgG1 antibodies mAb02a and mAb05a were characterized by a mostly positive B22. Close 
to the isoelectric point (pI) of the antibodies (8.2 < pH < 8.9) the lowest absolute B22-
values are detected. mAb04c in contrast shows a clear shift to negative B22-values with a 
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minimum at pH 7 - 8. This behavior implies additional hydrophobic forces between 
mAb04c molecules. The obtained data further suggests a subclass specific behavior; 
however this could not be confirmed by a statistically relevant number of mAbs [29]. 
According to Lewus et al. [29] charged residues near the complementarity-determining 
regions (CDR) as well as the hypervariable region may be responsible for these 
differences. Nevertheless both IgG1 antibodies seem to follow a similar pattern when 
considering pH dependency. 
 
Figure 5.2: B22-values over the pH-range of 5 to 9 for mAb02a, mAb04c and mAb05a at 10 mM buffer 
capacity 
5.3.2 Hydrophobic interactions: Influence of kosmotropic salts 
on B22-values 
In addition to the evaluation of patterns responsible for electrostatic interactions, 
hydrophobic contributions to the protein-protein interactions were analyzed by increasing 
the concentration of kosmotropic salts at constant pH. The two salts ammonium and 
lithium sulfate were chosen for this evaluation. These salts were also successfully applied 
for the crystallization of IDEC-152 [17]. According to the Hofmeister Series the 
kosmotropic effect of lithium sulfate is stronger than of ammonium sulfate, since lithium is 
a kosmotropic and ammonium a chaotropic cation. The pH was set to pH = 9 because the 
electrostatic interactions are minimal between the antibodies and the differences between 
the B22-values without salt small. The obtained B22-values for mAb05a, mAb02a and 
mAb04c are plotted for increasing ammonium sulfate and lithium sulfate concentrations at 
pH 9 in figure 5.3. Over the measured salt concentration range all B22-values are negative 
and slightly decreasing. Attraction occurs between the molecules. The trend for mAb02a is 
comparable to mAb05a. For mAb04c, the B22-values decrease continuously and the 
behavior is again more pronounced than for both IgG1 antibodies. The latter reflecting the 
clear difference in behavior of this mAb. 
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By increasing the kosmotropic strength of the added salt (lithium sulfate) the B22-values for 
all antibodies are in a comparable range between 0 and 0.4 M lithium sulfate (figure 5.3 b). 
With a further increase in salt concentrations the deviations are for the first time 
considerable between all antibodies. While the B22-values for mAb05a are further 
decreasing constantly with increasing lithium sulfate concentration, the B22-values for 
mAb02a remain on a comparable level as seen for the case with ammonium sulfate. The 
most pronounced decrease is again shown by the system with mAb04c. 
Given the difference detected for the two IgG1 and lithium sulfate depicted in figure 5.3 
for lithium sulfate concentrations above 0.4 M one might postulate that mAb05a is 
characterized by a slightly higher hydrophobic interaction potential than mAb02a. The 
latter is however only triggered by a strong kosmotropic environment. mAb04c clearly 
shows the highest potential for hydrophobic interactions. 
 
Figure 5.3: B22-values of mAb05a, mAb02a and mAb04c for varying ammonium sulfate (a) and lithium 
sulfate concentrations (b) at pH 9 
5.3.3 Detailed analysis: Salt and pH influence on B22-values of 
mAb04c 
Given the pronounced behavior of the IgG4 antibody mAb04c a detailed investigation of 
electrostatic and hydrophobic influences was performed. The differences in self-interaction 
of mAb04c in the presence of the three salts sodium chloride, ammonium sulfate and 
lithium sulfate in the pH range pH 5 - 9 were investigated by determining B22-values for all 
systems. The results are plotted in figure 5.4.  
At 0 M salt the differences in B22-values for the three pH-values is in the extent of 
electrostatic interactions. The increase in ionic strength due to the increasing salt 
concentration leads to a shielding of electrostatic interactions, while the type and 
concentration of salt additives modulate the extent of hydrophobic interactions. With the 
salt sodium chloride only weak self-interactions (slightly negative B22-values) were 
detected due to the chaotropic character of Cl
- 
figure 5.4 (a). Although a salt induced 
5.3 Results and Discussion 87 
increase in hydrophobic interactions might be expected, an increase in sodium chloride 
leads to constant B22-values due to the weak kosmotropic strength of sodium chloride for 
all three different pH-values. This can be explained by the shielding of electrostatic 
interactions with increasing content of sodium chloride. 
The corresponding B22-values for ammonium sulfate and lithium sulfate showed stronger 
attraction (B22 < 0) with increasing salt concentration (figure 5.4 b, c). When investigating 
the influence of ammonium sulfate and lithium sulfate on the interaction the salt 
concentration range was limited due to protein aggregation at higher salt contents, which 
itself indicates strong attractions. The dominant factor is the presence of the kosmotropic 
sulfate ion. According to Hofmeister, the anion dominates the salting out effect [43,44] and 
therefore the stronger self-attraction. The anion effect is observed, but the cation influence 
on mAb04c is quantified in form of the B22. At the same salt concentrations the B22-values 
for mAb04c with lithium sulfate were lower than those with ammonium sulfate. According 
to the Hofmeister series [41,44–46] self-attraction of mAb04c-molecules is stronger 
induced by the more kosmotropic cation Li
+
 than the NH4
+
. This effect is further 
influenced by the pH-value. While the differences detected with increasing salt 
concentration at pH 5 are small, they are the more pronounced the higher the pH-values. At 
pH-values close to the pI of the protein (8.3 - 8.8) the decrease of B22-values is most 
distinct for the antibody mAb04c. The development of B22 as a function of salt type and 
pH-value corresponds qualitatively to data reported for other mAbs [29]. 
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Figure 5.4: B22-values for mAb04c as a function of sodium chloride (a), ammonium sulfate (b) and lithium 
sulfate (c) concentration for varying pH-values 
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5.3.4 Crystallization slot: Correlation of B22-values and 
macroscopic phase behavior 
To evaluate the validity of various reports of crystallization slots for antibodies [17,20,27], 
selected 2D-phase diagrams extracted from a multiparameter screening program [6] 
combined with measured B22-values and experimental solubility data for mAb04c are 
shown in figure 5.5. Illustrated cases for mAb04c combine experimentally determined B22, 
solubility values and macroscopic phase behavior for lithium sulfate at pH 7, 8 and 9. For 
ammonium sulfate B22-values and solubility data are plotted at pH 7 and 9. Macroscopic 
phase behavior for the two systems with ammonium sulfate was determined at 
pH 7.2 ± 0.2 and pH 8.5 ± 0.2 respectively. Protein concentration values for the different 
phase states and the solubility line refer to the left axis and B22-values to the right axis. 
From all plots the same qualitative picture arises. Clear solutions are present at low salt 
concentrations and B22-values close to zero. The higher the salt concentration is, the higher 
is the aggregation probability, the lower is the negative B22 and the lower is the solubility 
of the protein. This decrease in B22 and solubility is more pronounced at pH-values close to 
the pI of the protein as shown for mAb04c (pI 8.3 - 8.8) and lithium sulfate. In general the 
absolute level of solubility and B22 are lower with lithium sulfate than with ammonium 
sulfate at the same salt concentrations. Moreover, the aggregation of mAb04c in the 
presence of lithium sulfate is induced at lower salt concentrations than for ammonium 
sulfate. 
Although the B22-decrease is stronger for lithium sulfate, the crystallization probability is 
higher and needle-shaped crystals were formed. The crystallization probability for lithium 
sulfate is high in a pH-range from 7 to 9 and salt concentrations of 0.35 -  0.9 M. These 
crystals were obtained from white-gray aggregates which were built first in solution. No 
LLPS in form of droplets was visible and crystals were obtained from aggregates in 
solution. With increasing salt concentration the phase transition started earlier and the 
crystal size was decreasing. In the presence of ammonium sulfate, crystallization of 
mAb04c occurred only near the pI of mAb04c (pH 8.5) with salt concentrations of 
0.5 - 0.75 M, whereby the first phase transition was delayed. In all cases the precipitation 
occurred instantaneously. 
The corresponding B22-values in figure 5.5 are in the span from 0 to a broad range of 
negative values, especially for lithium sulfate at pH 8 and pH 9. Some of these B22-values 
are in the postulated crystallization slot of -8 ·10
-4




 of George 
and Wilson [13], but crystals are also detected for systems with B22-values outside this 
range. Analogous stable conditions or precipitation occurred for values within the George 
and Wilson crystallization slot. Overall crystallization was only achieved for mAb04c with 
lithium sulfate and ammonium sulfate (data for mAb02a and mAb05a not shown). 
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In summary, a comparison of the crystallization probability and B22-values within the 
crystallization slot cannot be considered satisfactory as for various systems with model 
proteins [14]. For some conditions, crystallization did not occur within the crystallization 
slot while for others crystals were obtained over a broad range of negative B22-values, also 
well below the crystallization slot. A shift of the crystallization slot to B22-values closer to 
zero as Haas et al. [20] propagated could neither be observed for the antibodies in this 
work nor for other mAbs [17,29]. In contrary, an expansion to lower B22-values seems 
reasonable for different mAbs including mAb04c. Therefore, the classical crystallization 
slot of George and Wilson [13] is not applicable for mAb04c. A potential explanation 
might lie in the fact that antibodies are larger in size compared to most model proteins used 
by George and Wilson [13]. Moreover mAbs have a higher molecular surface area to 
molecular weight ratio than other proteins. According to Lewus et al. [29,17] further 
parameters such as kinetics influence the type of phase transition. This might go hand in 
hand with the high anisotropy of mAb04c, which is implied by the low determined A-
value. Finally, molecular flexibility as introduced through the hinge region of antibodies 
might be an important factor determining the ability to crystallize. 
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Figure 5.5: left y-axes: Phase diagram dependent on antibody and sulfate salt concentration, dashed line: 
solubility, right y-axes: dotted line: the corresponding B22-value, arrows: crystallization slot 
according to George and Wilson [13]; mAb04c (a-c) lithium sulfate (pH 7, 8, 9) (d, e) ammonium 
sulfate (pH 7, phase diagram pH 7.2 ± 0.2; pH 9; phase diagram pH 8.5 ± 0.2) 
5.3.5 Phase diagram: Correlation of B22-values and solubility 
Thermodynamic correlations between B22 and solubility have been postulated by several 
researchers [24,25,39]. A detailed investigation of the applicability of these models to 
antibody structures is however still missing. The solubility of mAb04c under different 
conditions is plotted as a function of B22-values in figure 5.6. The broad B22 range includes 
mainly crystallizing but also precipitating conditions, the systems comprise variations in 
the type and concentration of added salt at various pH values (see table 5.1). An increase in 
B22 correlates closely to an increase in solubility for all investigated conditions. In figure 
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5.6 (a) data were fitted with the HDW-model (equation (5.2)) using a Levenberg-
Marquardt iteration. The A-value was determined to 5.57·10
-6
 and the coordination number 
z to 2. The corresponding corrected R
2
 was calculated to 82 %. In addition, the literature 
data for universal solubility lines determined with the HDW-model of Lysozyme 
(A = 0.01, z = 4) [25], equine serum albumin (A = 0.072, z = 6) and ovalbumin (A = 0.084, 
z = 6) [47] are plotted in figure 5.6 (a). The A-value is a factor 10
3
 higher for the three 
proteins and the coordination number varies compared with mAb04c. These differences 
cause a higher solubility for negative B22-values closer to zero compared with mAb04c. 
However, lysozyme shows a higher solubility for B22-values between -30 
and -5·10
-4
 mol mL g
-2
 in comparison to ESA and Ovalbumin, whose solubility reach 
comparable values to mAb04c. Toward lower B22-values the solubility lines converge for 
all proteins.  
In figure 5.6 (b) the same data were used in combination with the RSL-model [24]. The 
literature data [24,39] for Lysozyme, ESA and Ovalbumin are additionally plotted. The 
mab04c-data fulfill the requirements of solubilities lower than 30 mg/mL. The Levenberg-
Marquardt iteration results in expected ranges for a K-value close to unity (K = 0.888) and 
a negative Ac-value of -2.147. With a corrected R
2
 of 84 % the data points are well 
represented by the RSL-model. Compared with the other proteins the solubility is lower for 
the same B22-values above a B22-value of -7·10
-4
 mol mL g
-2
. These deviations result from 
the determined Ac and K-values, which seem to reflect charge and molecular weight 
differences of the proteins [24]. However, a relation to specific molecular properties could 
not be identified in this work nor by Ruppert et al. [24]. At low B22-values the model 
shows a sharp increase in the B22-values to lower solubility, whereby the unique model 
character is not fulfilled. As shown by the literature data, this increase is found in all other 
systems [24], whereby the corresponding lowest modeled B22-value depends on the 
protein. At present we agree with Ruppert et al. [24] that this seems to be a mathematical 
artifact of the model formulation. We thus did not further apply this model. Likewise 
empirical models from Mehta et al. [39] are not discussed, since the corrected R
2
 was 
smaller than 80 % and no additional information was gained. 
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Figure 5.6: Experimental and theoretical solubility line for mAb04c with lithium sulfate and ammonium 
sulfate: (a) HDW-model: A = 5.57·10
-6
 and z = 2, literature data [25,47], (b) RSL-model: 
K = 0.888 and AC = -2.147, literature data: [24,39] 
The HDW-model shows the possibility to fit the solubility data for mAb04c in various 
solvent conditions with a general solubility line dependent on B22-values (figure 5.6 a). The 
fact that crystallization and precipitation are represented by the same solubility line has 
variable explanations. Technically precipitate or microcrystals can often not clearly be 
differentiated visually by a microscope [48]. Moreover, no B22-determination with SLS 
was possible for strong precipitating conditions with salt concentrations above 0.8 M. Thus 
systems incorporated in the data were considered to be nearby crystallization conditions, so 
that microcrystalline structures below the resolution limit are possible. The position of the 
transition from crystallization to precipitation in these systems is considered to be 
explicitly determined [48]. Therefore the structure of the protein probably remains and the 
transition from precipitate to crystal might also be possible in this regime [49]. Given that 
the phase separation between solid phase and liquid phase should be thermodynamically 
controlled as long as no denaturation has taken place, almost the same solubility line might 
be reached for precipitate and crystals for low B22-values as shown in figure 5.1. The latter 
is not valid if the system is kinetically hindered [50] or if the solubility varies with 
different crystal forms respectively different coordination numbers obtained [24,25,51]. In 
case of mAb04c it thus seems to be more appropriate to classify the precipitated samples as 
a liquid-solid than a liquid-liquid phase separation, as Ahamed et al. [27] proposed for the 
system with IDEC-152. An extrapolation of the solubility line toward the precipitation 
points in the phase diagram (figure 5.7) confirms the further decrease in solubility for 
precipitating solution conditions.  
The model fit of the solubility data resulted in a coordination number of z = 2 and 
A = 5.57·10
-6
 at a corrected error square R
2
 = 82 %. The coordination number of z = 2 is 
not common for proteins, but neither exceptional for antibodies as shown in the Biological 
Macromolecule Crystallization Database (BMCD)-entries 1FL5_37948 [52] and 
1IGT_52583 [40] (http://xpdb.nist.gov:8060/BMCD4/index.faces). The needle form of the 
crystals obtained further justifies the low coordination number.  
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In protein crystallization the proteins need to adjust their orientation to each other [20,22]. 
Crystallization ability is dependent on the anisotropy of the protein structure [25,28]. 
Rising protein anisotropy (A << 1) causes progressively directionally dependent 
interactions between the protein molecules. mAb04c has an A-value of 5.57·10
-6
, which is 
by a factor of 10
3
 smaller than for lysozyme (A = 0.01, z = 4) [25]. This implies a relatively 
high anisotropy. Demoruelle et al. [47] determined the molecular solubility as a function of 
B22 with A-values of 0.072 and 0.084 for equine serum albumin (z = 6) and ovalbumin 
(z = 6) applying the same HDW-model. Nevertheless the differences of these molecules to 
antibodies are significant, since antibodies are more complex and with about 150 kDa 
larger in size than the three other proteins [25,47]. Moreover, the high anisotropy and 
molecular flexibility in the hinge region of antibodies might explain partly why it is more 
difficult to crystallize antibodies and if one succeeds crystals with a low coordination 
number are obtained. 
For mAb05a and mAb02a, no crystallization was observed in the investigated systems 
(data not shown), although the B22-values were in the range of the crystallization slot. In 
both cases precipitation as well as gelation occurred. The latter is described as a state in 
which a further orientation of the molecules to each other is kinetically hindered and 
dynamically arrested [17]. Therefore solubility line was not determined, but the behavior 
implies a high anisotropy. 
5.3.6 Phase diagram of mAb04c 
It would be beneficial to have a universal protein phase diagram to control phase behavior. 
In theory a universal phase diagram can be obtained from thermodynamics if 
simplifications and assumptions are applied as stated by Haas and Drenth [20]. The result 
is a correlation of the B22 and the protein volume fraction to describe the different 
aggregation states in a phase diagram as shown in equations (5.5) - (5.10). However, these 
models have to be correlated and validated with experimental data. Crystallization 
processes rely heavily on the coordinates and extension of the metastable region [48,53]. 
Thus, it is mandatory to determine the layout of the metastable region as exact as possible. 
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Figure 5.7: Phase diagram of the B22 over the volume fraction for mAb04c with lithium sulfate at pH 8, the x 
and y-axis are broken; solubility, binodal and spinodal are modeled according to Haas and 
Drenth [20,25] 
In figure 5.7 this is attempted exemplarily for mAb04c with lithium sulfate at pH 8. From 
theory the B22 is independent of protein concentration in diluted solutions but dependent on 
the applied salt concentration. Hence, we fitted the B22-values obtained for pH 8 and 
lithium sulfate depicted in figure 5.4 (c). To expand the phase diagram with precipitating 
conditions, additional experimental data from phase behavior studies for a lithium sulfate 
concentration of 1 M are plotted without a corresponding B22-value. For these conditions 
the experimental B22-determination with SLS was impossible due to aggregation in 
solution. From theoretical considerations and comparison of the phase behavior their 
qualitative position should be below the B22-values obtained for 0 - 0.6 M lithium sulfate. 
The systems chosen (starting conditions) showed initially a one-phase system which 
separated into a protein lean phase (supernatant) and a protein rich phase in form of white 
gray aggregates. From the latter crystals formed under different conditions. The time frame 
and the trends are described in detail in Rakel et al.[6]. For both phases the volume fraction 
of the mAb after equilibration was determined as described above. Resulting equilibrium 





with a mean standard deviation of 2.8·10
-4
. The protein volume fraction of the solid phase 
(crystals and precipitate) was determined to 0.34 - 0.54 and tends to decrease with 
decreasing B22. These volume fractions of the solid phase (crystals and precipitate) 
correspond to a mean protein concentration of 620 (± 101) mg/mL. The determined mean 
antibody volume fraction of the crystal (0.43 ± 0.065) is in the range of reported protein 
the literature values of 0.37 [27] and 0.5 [26]. Higher values for protein volume fractions 
were obtained with higher B22-values. This might be the result of a slower crystal growth 
rate and a more compact crystal structure with less integrated water in the crystal. The 
second aggregation line was defined by systems showing instantaneous precipitation as 
described above and defined as such by Dumetz et al [28] and Lewus et al [17]. As shown 
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for the system mAb04c and lithium sulfate at pH 8 in figure 5.7, crystallization occurred 
mainly in the range between solubility line and second aggregation line. The composition 
of the binodal could not be measured, since the crystallization kinetic is fast and the 
metastable equilibrium not distinguishable.  
The binodal and spinodal were determined according to the introduction and are integrated 
in figure 5.7. The lean phase of the modeled binodal intersects the solubility line at a B22 




 and converges to a volume fraction of 0. The lean phase 
of the spinodal lies between the second aggregation line and the solubility line. The 
binodal and the spinodal run almost parallel to x-axis and over the critical point, which is 
the contact point of binodal and spinodal, until they decrease faster at protein volume 
fractions above 0.4. Overall, the comparison of experimental with modeled data shows that 
the differences between theory and reality are quite high. According to figure 5.1, the 
positions of the binodal and spinodal are expected to be in between solubility line and the 
solid phase. The volume fractions of the protein rich phases of binodal and spinodal are 
modeled significantly too high. The course of the binodal on the protein lean side adopts 
values for the protein volume fraction lower than described by the solubility line which is 
thermodynamically not reasonable. Hence, the model does not give additional information 
about the system behavior. Overall, the results prove that the simplifications of 
thermodynamic principles including the B22 are not applicable to describe phase behavior 
of complex and large molecules such as monoclonal antibodies.  
To analyze the reasons, we take a closer look on the parameters necessary to solve the 
binodal and spinodal according to equations (5.5) - (5.10): 
 Ω: the volume of an intact mAb molecule was adopted to Ω=166.5 nm3 from 
Ahamed et al. [27]. This value was calculated from experimental data of a mAb 
crystal with a unit cell volume (2 molecules/unit cell) of 900 nm
3
, and the protein 
volume fraction of the crystal of 0.37 [54].  
 m: m = Ω/ω is the number of water molecules, which have the same volume like 
one protein molecule, whereby ω is the molar volume of the water 
(18.016 mL/mol) divided by the Avogadro number and is assumed as 5552.8. 
 ϕc: the volume fraction of a mAb crystal was assumed as 0.37 [40]. 
Following parameters vary depending on the systems and can be compared with 
experimental data: 
 gλ = kTϕc(B22MρP-4): This parameter describes protein-protein interactions in 
solution and is determined with the B22.  
 ϕα, ϕβ: The protein volume fractions ϕα and ϕβ represent the protein lean phase 
respectively the protein dense phase the binodal. 
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 ϕ*α, ϕ
*
β: The corresponding volume fractions of the protein for the spinodal.  
It is appropriate to assume Ω and m as constant parameters, since these values should not 
strongly change over the analyzed range. The deviation due to a false value would impact 
all results in the same way. From experimental data it seems that ϕc is dependent on the 
B22-value. This is not surprising, since the size and the structure of the crystals vary. These 
differences are expected to be bigger for systems with varying crystal habits in the 
analyzed range. However, as long as gλ is substituted by equation (5.6) this parameter will 














The B22-value is a parameter which describes interactions between two molecules in a 
diluted solution. We used SLS for its determination. Differences exist in the results 
compared to other techniques, but the results are qualitatively comparable [31,55]. In our 
case and in the literature it is quite often, that experimental B22-determination is only 
possible for a small B22-range below 0, because of aggregation in solution with stronger 
attraction. Hence, only a part of the phase diagram could be determined as shown by the 
missing B22-values. Moreover, it is questionable, if this parameter can solely describe a 
solution composition in which aggregation occurs or if such a solution has to be 
characterized as a non-diluted system. Then, a truncation of the virial expansion after a 
higher order term has to be considered and additional virial coefficients have to be 
determined [56,57]. Especially for macromolecular precipitants the use of osmotic second 
virial cross coefficients is also discussed in the literature [58]–[61]. This value describes 
cross-interactions between protein and precipitant. Whether or not this parameter can be 
neglected needs further investigation.  
For experimental determination of the volume fractions of the binodal a LLPS is essential. 
A LLPS as stated by Haas and Drenth [20] should appear as two clear liquid phases in 
form of droplets with their metastable equilibrium on the binodal. In real systems, the 
appearance of two phases in protein solutions differ from droplets to gray or white 
precipitate depending on the protein and the systems used [27,28,62]. The boundaries are 
not clear and some authors define aggregates, flocks and/or precipitate as dense phase of a 
LLPS [27,63,64]. Sometimes it is not distinguished between LLPS and gelation in 
literature as demonstrated by Dumetz et al. [28]. According to Cheng et al. [65] and 
Dumetz et al. [28] precipitate and gel is a non-equilibrium state and can be defined as a 
frustrated liquid-liquid phase separation, which is kinetically trapped and, hence, not 
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consistent with the dense phase of the LLPS. Different experimental techniques in the 
literature exist to determine the composition of the two phases of a LLPS. Often cloud-
point measurements are conducted [62,66], but these do not represent an equilibrated state 
(binodal), since the range between spinodal and binodal is metastable and the separation 
starts somewhere in between. Moreover experimental determination of the cloud-point as a 
function of precipitant concentration is extremely difficult, because all parameters except 
the precipitant concentration have to be kept constant [27,50]. Another method uses 
centrifugation to separate the two phases after equilibration, which involves an impact of 
external forces on the system and disturbed the equilibria [28]. Moreover, centrifugation 
cannot be used to determine the binodal for systems in which crystallization processes are 
fast or in which centrifugation induces heterogeneous nucleation [67]. The analysis of a 
LLPS with confocal laser scanning microscopy seems to be advantageous [67]. However, 
dye is coupled on the protein and additive surface and influences the equilibrium as well.  
The volume fractions of the spinodal cannot be analyzed, since instantaneous separation 
occurs and the concentrations of the two phases are not determinable. Moreover, in every 
real system kinetic phenomena are present [50,68], so that theoretical values cannot be 
reached. A qualitative picture is obtained with the experimental determination of the 
second aggregation line in the literature and this work.  
Finally, we have to mention, that for other conditions with varied salt type and/or pH, the 
crystallization range is shifted to the solubility line with respect to B22 and protein volume 
fraction as demonstrated in figure 5.4. For these examples the crystallization range is 
smaller, respectively crystallization success is not guaranteed. In addition instantaneous 
separation and therefore the position of the second aggregation line is shifted to lower 
volume fractions [6]. Thus, the crystallization range and the second aggregation line 
depend on the sample composition, although the solubility line is universal and describes 
different conditions. One reason is the cross influence of kinetic phenomena [50,68]. 
According to this, the used models cannot describe the antibody phase behavior in a 
universal phase diagram by means of B22 and protein volume fraction. 
The validation of theoretical models with experimental data is still difficult due to a 
combination of missing precise experimental data and techniques and simplified 
thermodynamic models. However, it could be shown, that theory and reality vary in a non-
acceptable range. The conditions used are complex due to different ingredients and 
complex large protein molecules in solution. Under these aspects it is understandable, that 
different protein molecules and varying solvent conditions cannot fit in such a simple 
scheme. The complexity of the protein and kinetic phenomena has to be considered. This 
could be shown for the monoclonal antibody, as the theoretical binodal and spinodal do not 
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represent the reality. However, the established solubility line can be seen as universal. 
Thus, the solubility of native proteins is driven thermodynamically.  
5.4 Conclusion 
The B22 -value is commonly used to describe protein phase behavior, but there is still a 
lack in between what we expect the B22 value is able to describe and what the B22 can 
describe. Therefore this work tends to identify the current application limits. 
The B22 was successfully applied to describe antibody interactions in solution. 
Corresponding correlations agree with the Hofmeister Series of kosmotropic strength. The 
probability of aggregation is described, but on the basis of this work a constitutional 
differentiation between crystals and precipitation in form of a crystallization slot is not 
possible. The application of the thermodynamic model according to Haas and Drenth [20] 
to describe a whole phase diagram is not possible since the modeled binodal and spinodal 
do not represent the reality. Kinetic phenomena and the complexity of the systems 
analyzed have to be taken into account. However, the theoretical approach of Haas et al. 
[25] to correlate the solubility with the B22 was successfully applied for mAb04c. The 
determined values for coordination number and anisotropy are conclusive. Thus, the 
solubility seems to be thermodynamically driven. 
The conducted extensive study on the protein phase behavior of a monoclonal antibody 
will help on the way of understanding mechanisms on the molecular and thermodynamic 
basis. A fundamental understanding is the key for a reduction of experimental effort in 
regard to screening of crystallization conditions and especially for all steps in downstream 
processing. 
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 mol mL g
-2
 Osmotic second virial coefficient 
π Pa Osmotic pressure 
R 8.31 J/(mol K) Universal gas constant 
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T K Temperature 
Rϴ cm
-1






MW g/mol Molecular weight 
n0 - Refractive index of the solvent 
dn/dcP mL/g Refractive index increment 
k 1.381·10
-23
 J/K Boltzmann constant 
m = Ω/ω - Number of water molecules, which have the 
equivalent volume as one protein molecule 
Ω nm
3 
Volume of one protein molecule 
ω nm
3 
Molar volume of water VW divided by the 
Avogadro number NA 
VW 18.051 mL/mol Molar volume of water 
z  - Coordination number of the protein crystals 
A - Adjustable parameter in HDW-model 
ν - Range of interaction 
VP = Ω·NA mL/mol Partial molar volume of the protein at infinite 
dilution in the aqueous solution 
AC, K - Adjustable parameters in RSL-model 
Gλ J Gibbs energy 
gλ J Parameter for protein-protein interactions 
s mg/mL Solubility 
ϕ - Volume fraction 
c mg/mL or M Concentration 
ρ mg/mL Density 
m mg Mass 
   
General Indices 
P  Protein 
Salt  Salt 
α  Protein lean phase 
γ  Protein rich phase 
* 
 Spinodal 
c  Crystal  
   
Indices for experimental data 
pro  Protein 
ini  Initial 
liq  Obtained filtrate 
crs   Crystal  
eql 
 
After phase separation and equilibration 
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Notations 
BMCD  Biological Macromolecule Crystallization 
Database 
HDW  Haas-Drenth-Wilson 
RSL  Ruppert-Sandler-Lenhoff 
SLS  Static light scattering  
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Abstract 
For the successful application of protein crystallization as a downstream step, a profound 
knowledge of protein phase behavior in solutions is needed. Therefore a systematic 
screening was conducted to analyze the influence of macromolecular precipitants in the 
form of polyethylene glycol (PEG). First, the influence of molecular weight and 
concentration of PEG at different pH-values were investigated and analyzed in three-
dimensional (3-D) phase diagrams to find appropriate conditions in terms of a fast kinetic 
and crystal size for downstream processing. In comparison to the use of salts as precipitant, 
PEG was more suitable to obtain compact 3-D crystals over a broad range of conditions, 
whereby the molecular weight of PEG is, besides the pH-value, the most important 
parameter. Second, osmotic second virial coefficients as parameters for protein interactions 
are experimentally determined with static light scattering to gain a deep insight view in the 
phase behavior on a molecular basis. The PEG-protein solutions were analyzed as a 
pseudo-one-compartment system. As the precipitant is also a macromolecule, the new 
approach of analyzing cross-interactions between the protein and the macromolecule PEG 
in form of the osmotic second cross-virial coefficient (B23) was applied. Both parameters 
help to understand the protein phase behavior. However, a predictive description of protein 
phase behavior for systems consisting of monoclonal antibodies and PEG as precipitant is 
not possible, as kinetic phenomena and concentration dependencies were not taken into 
account.
6.1 Introduction 
Biopharmaceutical proteins gain rising attention in the modern medicine. Especially 
monoclonal antibodies (mAb) are of interest for therapeutic and diagnostic reasons. While 
substantial progress is made in designing and producing antibodies, the downstream part 
during manufacturing is still a cost intensive and challenging task [1,2]. Moreover high 
product purity requirements set by the Food and Drug Administration have to be fulfilled, 
while in the same time dealing with large macromolecular proteins with a high degree of 
segmental flexibility and chemical heterogeneity [3]. To date only little is known about the 
phase behavior of antibodies under various solvent conditions, and still, a high effort is laid 
into trial and error screening experiments. 
Protein phase behavior results from interactions of inhomogeneously distributed patches on 
the protein surface. Whether these interactions are attractive or repulsive strongly depends 
on the orientation of the protein molecules to each other [4]. The sum of all interaction 
potentials can be influenced by the type of precipitant and additive in solution. The 
addition of salts can cause an electrostatic double layer around the protein surface charges 
which involves a shielding and reduction of repulsive interactions. Moreover, the salt ions 
compete with the protein for water molecules and dehydrate the protein. While salts induce 
the protein aggregation by mainly electrostatic and hydrophobic interactions, polymers 
bring the protein molecules together due to preferential interactions and an osmotic 
potential. Preferential hydration of the protein results in a steric exclusion of polymers 
from the protein domain [5]. Moreover, an attractive osmotic potential results from a 
smaller distance between protein molecules compared with the diameter of the 
macromolecule, which hinders the polymer to enter the intermediate space [6,7]. The 
protein molecules attempt to further decrease the distance between each other to reduce the 
osmotic pressure produced by local concentration gradients [6]. Conversely, polymers as 
excipients might have an ambivalent character. Polymers with a strong nonpolar character 
like polyethylene glycol (PEG) can bind to hydrophobic patches on the protein surface, 
which decreases the hydrophobic interactions between the proteins [5,8]. Compared with 
salts as precipitant, polymers have the advantage that the aggregation probability and the 
strength of protein interactions can be controlled by the molecular weight besides the 
polymer concentration and the type of polymer [9,10]. However, the protein separates 
more often into a protein rich and a protein poor phase, the so called liquid-liquid phase 
separation (LLPS) [11]. Starting from this phase separation crystallization is still possible, 
if the protein rich phase is in a metastable condition. Complex proteins are often 
crystallized using polymers as precipitant. These polymers are also macromolecules and 
influence the protein interactions by other forces compared to salts as precipitants [12]. 
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George and Wilson [13] formulated an empirical correlation between protein interactions 
and crystallization probability of model proteins using the osmotic second virial coefficient 
(B22) as descriptor. It is part of the virial expansion of the osmotic pressure and describes 
the pair interaction between protein molecules. The B22 can be determined from a dilute 
solution with methods such as self-interaction chromatography, membrane osmometry, or 
static light scattering (SLS). In their study a so called “crystallization slot” was defined as a 
region of slight negative B22-values in which the crystallization probability for the protein 
under investigation is high. However, it could be shown in several studies that the 
proposed crystallization slot determined by George and Wilson [13] for small molecules is 
not directly transferable to more complex and larger molecules such as antibodies [14–17].  
Up to now, interactions between proteins and PEG have often been neglected in 
thermodynamic approaches analyzing protein phase behavior, although, Vivarès et al. [18] 
proved in simulation of potentials the existence of these interactions. They clearly showed 
repulsive interactions between protein-PEG and PEG-PEG. These interactions are 
measurable and might be characterized with the osmotic second cross-virial coefficient 
(B23) [19]. Attractive interactions between two macromolecules correspond to a negative 
B23, and complementary results in positive B23-values. Thus, a strong correlation between 
protein phase behavior and the B23 might be expected [20–22]. However, only few 
publications exist, which deal with the influence of this value on crystallization and 
precipitation of proteins. McCarty et al. [23] and Cheng et al. [22] confirmed the 
applicability of the B23 for downstream process optimization for a mixture of the model 
proteins lysozyme and ovalbumin. Accordingly, a negative B22 for lysozyme, a positive B33 
for ovalbumin and a positive B23 should lead to conditions where lysozyme crystallizes 
while ovalbumin stays in solution. When the B23 besides the B22 and/or B33 is slightly 
negative, the kinetics of a phase transition can be delayed and the selectivity as well as the 
yield reduced [22,24]. Moreover, for strong negative B23-values the proteins associate and 
precipitate in a mixture, whereas the formation of mixed crystals is improbable [22]. 
Besides optimization of crystallization conditions, other separation problems were 
attempted to be explained using the B23. A correlation between the diafiltration sieving 
behavior of lysozyme-bovine serum albumin (BSA) mixtures and the B23 was found by 
Tessier et al. [25]. Haynes et al. [19] applied the B23 to predict liquid-liquid equilibria, as 
well as the protein partition coefficients in aqueous two-phase systems. Other authors used 
the B23 to predict phase separation between proteins and polysaccharides by the demixing 
criterion [26,27]: 
 𝐵22𝐵33 < 𝐵23
2  (6.1) 
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Given the above it is not clear how and if the use of B22 and B23 leads to a predictive 
description of protein phase behavior for systems consisting of mAbs and PEG as 
precipitant. 
In this work, the phase behavior of three antibodies was investigated in three-dimensional 
(3-D) phase diagrams in dependency of pH, concentration and molecular weight of PEG 
and protein concentration. The protein interactions were analyzed as a pseudo-one-
component system [28] in terms of the B22 via SLS neglecting protein-polymer 
interactions. In a second approach taking protein-polymer interactions into account, the 
determination of cross-interactions was conducted via SLS, assuming a two component 
system in solution with interactions between alike molecules (B22 for protein, B33 for PEG) 
and unlike molecules in form of the osmotic second cross-virial coefficient (B23). Finally, 
correlations between the interaction parameters and the protein phase behavior were 
analyzed  
6.2 Material and Methods 
6.2.1 Materials 
Protein A-purified mAb mAb04c (type IgG4), mAb05a (type IgG1), and mAb02a (type 
IgG1) in solution were kindly provided from Boehringer Ingelheim Pharma GmbH & Co. 
KG, Biberach, Germany. 
The following chemicals were used: acetic acid, sodium hydroxide (NaOH), 2-(N-
morpholino)ethanesulfonic (MES), and PEG 1000 (PEG 1000; Merck KGaA, Darmstadt, 
Germany); 3-Morpholino-2-Hydroxy-Propanesulfonic Acid (MOPSO), 2-(N-
Cyclohexylamino)-Ethanesulfonic Acid (CHES), and ammonium sulfate (Applichem 
GmbH, Darmstadt, Germany) and 4-(2-Hydroxyethyl)-Piperazine-1-(2-Hydroxy)-
Propanesulfonic Acid (HEPPSO) (molekula Germany., Taufkirchen, Germany), PEG 400, 
3350, 8000 (PEG 400, PEG 3350, PEG 8000; Sigma-Aldrich GmbH, St. Louis, MO, 
USA). 
6.2.2 Determination of phase diagrams 
The preparation, storage and analysis of the samples were conducted according to Rakel et 
al. [17,29]. The composition of the buffer system with five monoprotic acid components 
and a constant buffer capacity of 10 mM in the pH-range of 5 -  9 was: 10.05 mM MES, 
16.6 mM Acetic acid, 8.9 mM MOPSO, 12.3 mM HEPPSO and 14.4 mM CHES. The 
required pH-value was titrated with 4 M NaOH. As precipitant PEG of different molecular 
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weights (400, 1000, 3350, and 8000 Da) were used. A detailed description of the buffer 
preparation is described in Rakel et al. [17]. The buffer exchange of the antibody samples 
was conducted several times at 8,000 g and 20°C with Vivaspin 20, Vivaspin 2, or 
Vivaspin 500 (30 kDa Cutoff PES-membrane, VS2022, VS0222 and VS0122, Sartorius 
Stedim Biotech, Göttingen, Germany). The desired protein concentration was then 
adjusted. All prepared buffers and protein samples were filtrated with a 0.2 µm cellulose 
membrane to avoid contamination and dust particles in the solutions. 
The precipitation buffers were produced with the buffer system and the respective 
precipitant PEG 400 (40 m/V %), 1000 (30 m/V %), 3350 (25 m/V %) or 8000 
(25 m/V %). Initial protein concentrations in the starting buffer were 5, 10, 15 and 
20 mg/mL. With variation in pH and protein concentration various screening buffer 
compositions were tested (see table 6.1). Every PEG concentration was combined with 
every protein concentration at every pH listed in the same row for 20 µl scale experiments 
in microbatch plates (MRC Under Oil 96 Well Crystallization Plate, Swissci AG, 
Neuheim, Switzerland) using a robotic platform (Tecan infinite®M200, Tecan Group, 
Crailsheim, Germany). The visual examination of the protein phase behavior was 
conducted with an imaging system (Rock Imager 54, Formulatrix, Waltham, MA, USA, 
Software Rock Maker) as described in detail in Rakel et al. [17] Following classification 
for the protein phase behavior according to Bergfors [30] was used:  
1. Clear, 
2. light precipitate, 
3. heavy precipitate, 
4. LLPS, 
5. gelation, 
6. microcrystals smaller than 20 µm, and 
7. crystals (needles). 
Structures, smaller than the microscopic resolution limit of 3 µm, were classified as 
precipitate. The resulting information was used to establish 3-D phase diagrams. 
Additionally, the time of first visible structures, the crystal size, and the phase behavior 
after 40 days were determined. 
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Table 6.1: Screening Buffer Composition Including the PEG and Protein Content as well as the Screening 




cP [mg/mL] pH 
1 
PEG 400, 1000, 
3350, 8000 
2.5, 5, 7.5, 10 2.5, 5, 7.5, 10 5, 6, 7, 8, 9 
2 
PEG 400 12.5, 15, 17.5, 20 
2.5, 5, 7.5, 10 
5, 6, 7, 8, 9 
PEG 1000 1, 1.5, 2, 3, 12.5, 15 
6, 7, 8, 9 PEG 3350 0.5, 1, 1.5, 2, 3, 12.5 
PEG 8000 0.5, 12.5 
6.2.3 Determination of B22, B33 and B23 with SLS 
The SLS is a noninvasive method to determine osmotic second virial coefficients in diluted 
solutions. Thereby, the change in the averaged intensity of scattered light can be correlated 
with interactions between macromolecules. Evaluating the correlation of scattered light 
intensity to protein concentration and detection angle for one molecule species allows the 
determination of protein molecular weight MW and osmotic second virial coefficient B22 
according to Zimm [7]. 




























2  (6.2) 
The parameter Rϴ is the Rayleigh ratio, c the concentration, Mi, Mj the weight-average 
molar mass, the refractive index increment dn/dc of the respective species i and/or j. The 
modified optical constant K
*






With the refractive index of the solvent n0 and the wavelength of the incident vertically 
polarized light in vacuum λ. 
For the determination of the osmotic second virial coefficients an automated-batch 
composition gradient multiangle light scattering system and an additional dynamic light 
scattering detector (CG-MALS: Calypso, DAWN
®
HELEOS™ 8+ with λ=658 nm, 
Optilab
®
 reX, Wyatt Technology Corp., Santa Barbara, CA, USA, Software CALYPSO 
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Version 1.2.8.5, ASTRA Version 5.3.4.20) were used. Applying a flow rate of 0.6 mL/min 
and the delay time to minimum 60 sec the protein concentration and the scattered light at 
seven angles could be measured at each concentration step. In the case of aggregation in 
solution the additional dynamic light scattering detector in the system indicated the 
aggregation. 
The calibration for the SLS instrument to determine absolute Rϴ was done with toluene, 




 at a 
wavelength λ of 633 nm [30,31]. The background scattering of pure solvent was 
subtracted. 
Under the assumption that PEG does not interact with the protein B22-values in PEG-
solutions were determined and analyzed according to Rakel et al. [29,34] using the Zimm 
equation [35]. As the refractive index dn/dc of the protein is dependent on the respective 
PEG molecular weight and its concentration, this value was adjusted for the protein 
concentration determination with the refractometer. The B22-values of mAb04c with 
PEG 400 - PEG 8000 at pH 7, and pH 9 were determined in solutions containing up to 3 % 
PEG. At higher concentrations aggregation was detected. 
For the description of interactions assuming cross-interactions B22, B33, and B23 were 
determined with the same CG-MALS-system. In a stepwise gradient an ascending gradient 
of increasing PEG-concentration (for B33) is followed by a crossover gradient (for B23), 
where the concentration of PEG is descending and the concentration of the protein is 
ascending. The measurement is terminated by a descending stepwise gradient of the 
protein concentration (for B22). For further information see Some et al. [36,37]. B22, B33 
and B23 were determined with equation (6.2). Analyzed systems were PEG 3350 and 
PEG 8000 and pH 5, 7, and 9 with mAb04c. The light scattering signal for PEG 1000 and 
PEG 400 was too small to get reliable data.  
6.3 Results and Discussion 
6.3.1 Macroscopic phase behavior of mAb04c in dependency of 
macromolecular precipitants 
For complex molecules, like antibodies, polymers are often used as precipitant. But still a 
detailed knowledge of how parameters like pH-value, PEG molecular weight and 
concentration affect their phase behavior is missing. Therefore a detailed experimental 
analysis is conducted with the antibody mAb04c in a buffer system with a constant buffer 
capacity from pH 5 - 9. This buffer system has the advantage that over a broad pH-range 
only one buffer is used, which minimizes influences due to changing buffer components 
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[17,38]. Hence, it is possible to investigate the phase behavior of the antibody mAb04c and 
the polymer PEG in dependency of pH, PEG molecular weight and their concentrations. In 
figure 6.1 the phase diagrams of mAb04c with PEG are plotted for pH 5 - 9 and the 
respective molecular weight of the PEG. 
The results show a clear dependence on all analyzed factors, whereby the protein 
concentration has the smallest influence. Overall, a higher PEG-concentration increases the 
crystallization probability. At high PEG-concentrations precipitation is also observed. 
Exceptions are the ambiguous phase behavior in the presence of PEG 400 and few 
experiments for PEG 8000 and pH 9 which result in LLPS.  
An increasing pH-value resulted in crystallization of mAb04c at slightly lower PEG-
concentrations and a broader crystallization range for all PEG molecular weights. No 
crystallization was observed in the analyzed conditions at pH 5 and for PEG 400 at pH 6 
mAb04c. The precipitation region was comparable for pH-values 6 - 9 for a respective 
molecular weight of PEG. This behavior can be explained by electrostatic interactions at 
the isoelectric point of mAb04c at pH 8.2 - 8.5. The antibody is positively charged at pH-
values lower than 8, while the net charge of the antibody at pH 9 is already negative. These 
net charges induce electrostatic repulsive interactions between the protein molecules. The 
higher the net charge of the proteins the higher is the repulsion [18]. This can be confirmed 
by the B22-results in pure buffer [29]. From these B22-results, it can also be shown, that the 
differences in B22-values for mAb04c in pure buffer from pH 7 to 9 are small, as additional 
attractive forces like hydrophobic interaction influence the proteins. This is also reflected 
in the phase diagrams, as only small differences exist between pH 7 and 9. Overall, the 
electrostatic repulsion for pH 5 compared with the osmotic attraction seems to stronger 
influence the phase behavior than for pH 6 - 9. 
The phase behavior depends also on the PEG molecular weight. A higher molecular weight 
induced crystallization at lower PEG-concentrations. Moreover precipitation occurs at 
lower PEG-concentrations over the whole pH-range. This is associated with depletion 
forces induced by an osmotic potential due to the PEG. According to Asakura and Oosawa 
[6] these attractive forces due to a local concentration gradient with an unbalanced osmotic 
pressure gradient are developed by macromolecules, when the distance between two 
protein molecules is smaller than the diameter of the solute macromolecules. An attractive 
potential between the protein molecules arises for a higher PEG molecular weight at lower 
PEG concentrations attempting the protein molecules to further decrease the distance 
between each other to reduce the osmotic pressure difference. 
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Figure 6.1: Phase diagrams for mAb04c in 10 mM CFBS-buffer at pH 5-9 and PEG 400 (a), 1000 (b), 3350 
(c), and 8000 (d) 
6.3.2 Nucleation kinetics, crystal size and form 
Further important parameters for screening conditions with respect to downstream 
processing are the size of crystals as well as the kinetic of the nucleation respectively the 
crystallization. As already shown in Rakel et al. 
83
 the method used here enables us to gain 
additional information about these parameters. In figure 6.2 the size of the crystals after 40 
days and the time of first visible structures are plotted for all four PEG molecular weights. 
The first visible structures can be LLPS or other structures, which end in crystals. A 
protein dense and protein poor phase developed due to short range and strong anisotropic 
protein interactions. The phase separation is metastable as crystals were formed out of this 
separation and Ostwald ripening occurred [39,40]. Few conditions for PEG 8000 at pH 9 
were arrested in this LLPS (see figure 6.1). 
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Figure 6.2: Crystal size and time of first visible phase transition for mAb04c in 10 mM CFBS-buffer at 
pH 5 – 9 and PEG 400 (a), 1000 (b), 3350 (c), and 8000 (d) 
For all mAb04c and PEG-combinations no phase aggregation was observed for pH 5. 
Except the systems with PEG 400, all other systems show a pH-dependency for the crystal 
size and the timespan to first visible structures. At pH 6 the biggest crystals are obtained, 
but the timespan is comparably long. With pH-values from 7 to 9, the timespan is smaller 
and the crystal size is decreased, but comparable to each other for one PEG molecular 
weight. Thus, a lower electrostatic potential favors smaller crystals. A direct correlation 
between the size of the crystals and the PEG concentration at one pH was not found for 
PEG 400 and PEG 8000. For PEG 1000 the crystal sizes tend to increase with increasing 
PEG concentration, while the crystal sizes slightly decrease for PEG 3350 and pH 7 - 9. 
For PEG 1000, and 3350 a slight mAb04c concentration effect could be observed. With 
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increasing protein concentration in the investigated concentration range the crystal size for 
PEG 1000 and 3350 tend to increase. According to the results of Jion et al. [41] for an 
IgG1 antibody the size and the amount of nuclei which form out of the solution during 
LLPS are protein concentration dependent. 
The size of the crystals varies with the PEG molecular weight. The application of PEG 400 
and PEG 8000 causes smaller crystals compared with PEG 1000 and 3350. One reason can 
be the longer range of interaction [42,43]. The higher the molecular weight of the PEG, the 
longer is the range of interaction. A short-range attractive potential is desirable as the rate 
of crystal nucleation, and the degree of supersaturation can be controlled [10]. However, 
for PEG 400, no clear dependency of the crystal size on protein and PEG concentration 
could be determined. One reason for smaller crystals with PEG 400 might be the 
ambivalent character of PEG 400 as stabilizer as well as precipitant. In studies analyzing 
the efficacy of precipitants it was shown that no clear preferred concentration exists for 
protein crystallization with PEG 400 [44]. 
Observations made during the experiments are illustrated with representative crystal 
images in figure 6.3. Given conclusions are based on all experiments. Overall the coffin-
shaped crystals developed from a LLPS or other structures. The resulting 3-D crystals are 
smaller in the presence of PEG 400 (a) and PEG 8000 (d) compared to PEG 1000 (b), and 
PEG 3350 (c). The higher the PEG-concentration the rougher is the surface of the crystals 
for all PEG molecular weights. The same picture arises for a higher molecular weight of 
PEG at the same PEG and protein concentration. The higher range of interaction and 
strength of depletion attraction due to a higher polymer size and concentration result in a 
faster crystal growth kinetic. This causes optical inhomogeneities which are defective 
regions in the crystal lattice [10,45]. 
On the way toward stirred batch crystallization, nonagitated diffusion-driven systems 
represent an intermediate screening step. For downstream processing, compact large 
crystals to simplify crystal separation and a fast kinetic to reduce the process time are 
favored. Overall, a broad crystallization region for mAb04c with varying PEG 
concentration, molecular weight, and pH was obtained. Hence, PEG is an adequate 
precipitant to generate compact mAb04c crystals. For PEG 1000, the resulting crystals 
were large in size especially at a higher negative charge of the protein (pH 6). However, a 
high amount of precipitant was needed to obtain these crystals with a fast kinetic, which 
might influence the later separation. The presence of PEG 3350 resulted also in acceptable 
crystals sizes under the advantage of lower PEG concentration needed to crystallize 
mAb04c. Therefore, PEG molecular weights from 1000 to 3350 are recommended for a 
broad crystallization range, comparably fast crystallization combined with large crystal 
sizes. How these parameters can be scaled up needs further investigation. 
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Figure 6.3: Crystal-images: 7.5 m/V % PEG, 10 mg/mL mAb04c at pH 8 (a) PEG 400, (b) PEG 1000, (c) 
PEG 3350, (d) PEG 8000 
6.3.3 Comparison of PEG and salt influence on antibody phase 
behavior 
A comparison of the influence of PEG and salt is possible, as the phase behavior of 
mAb04c in the presence of PEG was analyzed in the same buffer system used in earlier 
works to investigate the phase behavior of mAb04c with salts. Overall, the influence of the 
precipitant has a strong influence on the out coming results. One main difference is the 
crystal form. While with salts as precipitant needles are obtained, PEG induces a 3-D 
crystal growth with a higher crystal volume due to the coffin-shaped form. The reason 
might be different interaction potentials. As the phase behavior of proteins is influenced by 
Hofmeister effects for salts, PEG induces phase separation due to depletion forces. 
Thereby the molecular weight of PEG is an important parameter to control the 
crystallization. Moreover, a clear difference between salts and PEG as precipitant exist in 
the optimal pH-value for mAb04c crystallization. With sulfate salts the largest crystals and 
the highest yields were obtained close to the pI, while the crystallization range with PEG is 
remarkably broader. Crystals were obtained over a broad range of conditions with varying 
pH, molecular weight and concentration of the PEG. A higher protein net charge results in 
bigger crystals. The influence of the pH slows down the nucleation kinetic, which results in 
increasing crystal size with raising net charge and the later timespan for first visible phase 
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transition (figure 6.2). Overall, the higher probability of crystallization for large molecules 
in the presence of PEG compared to salts is consistent with the findings of Finet et al. [10]. 
6.3.4 Characterization of macroscopic phase behavior of 
mAb04c using the osmotic second virial coefficient  
Osmotic second virial coefficients are often used to describe protein interaction in solution. 
The most famous example is the crystallization slot of George and Wilson [13]. With the 
so called crystallization slot they suggest a negative B22-range of high crystallization 
probability. However, it is ambiguous to state that this crystallization slot is transferable to 
antibodies. Therefore B22-values were determined for mAb04c in dependency of the PEG-
concentration and molecular weight. The results are plotted in figure 6.4 for pH 7 and 
pH 9. At pH 7 and pH 9 the B22 is already below zero, if no PEG is in solution. All B22-
values remain slightly negative and decrease with increasing PEG concentration, except 
with PEG 400 at pH 9. The B22-trend for PEG 400 is opposite to pH 7 and reaches positive 
values at 3 m/V % PEG. B22-values are sorted by the PEG molecular weight, whereby the 
differences rise with higher PEG concentration. The highest B22-value is determined for 
PEG 400 and the lowest for PEG 3350 and 8000. Nevertheless, PEG 3350 and 8000 
feature similar values at 2 and 3 m/V % PEG. Above 3 m/V % PEG B22 could not be 
determined with SLS due to aggregation of the antibody.  
The influence of PEG and pH shows a synergistic effect on the phase behavior of mAb04c. 
First, the charge of the protein is changed due to the distance to the pI at different pH-
values, second the molecular weight and concentration of PEG influence the range of 
interaction [12,46]. As shown in figure 6.4 these effects of electrostatic and osmotic 
interactions do not simply add up, as the differences in B22-values between pH 7 (a) and 9 
(b) for the same molecular weight are smaller without PEG (0 m/V % PEG) than in the 
presence of PEG. The higher the PEG concentrations, the higher are the differences. As 
shown by the determined B22-values the interactions are dependent on the molecular 
weight as well as the concentration of the PEG. The higher the molecular weight and/or the 
concentration, the higher is the attraction between the molecules. The only PEG for which 
the B22-value rises with increasing PEG concentration for pH 9 is PEG 400. This might go 
on hand with the stabilizing and precipitating effect of PEG 400 [44]. 
In figure 6.4 the crystallization slot according to George and Wilson [13] defines the range 
of high crystallization probability. Comparing these conditions with the phase behavior of 
mAb04c in figure 6.1 the same picture arises like with salts [29]. Most of these 
experiments show crystallization within this range, few do not separate and others are 
crystallizing below this range. For pH 5, positive B22-values correspond to nonseparating 
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conditions (data not shown). However, also crystallizing conditions with positive B22-
values were found for mAb04c with PEG 400 at pH 9. 
Overall, the results confirm that an application of the crystallization slot is not possible for 
mAb04c. Neither a shift to higher B22-values for the crystallization slot as postulated by 
Haas et al. [16] is recommended for mAb04c, nor a direct correlation between B22-values 
and crystallizing conditions was found. In contrast to salts as precipitant, the systems with 
PEG showed as well positive B22-values for crystallizing conditions. Different reasons can 
explain these results. First, intact mAbs are complex molecules with a higher molecular 
weight and flexibility compared to the most model proteins used by George and Wilson 
[13]. Therefore, attractive interaction potentials between different groups on the surface of 
two protein molecules might result in local attraction which induces crystallization, while 
the overall interactions represent repulsive interactions. Bonneté et al. [47] explained this 
with a subtle balance between attractive and repulsive potentials. Conversely, repulsion 
between different groups can inhibit crystallization, although the B22-value is in a 
promising range. Moreover, further parameters like the protein concentration or nucleation 
and crystallization kinetics have to be taken into account as already proposed by different 
authors [29,48,49]. Intact mAbs are in general difficult to crystallize, as shown by the 
small number of positive examples [48,50]. Second, with PEG as precipitant for proteins, 
two macromolecules are in solution. When determining the B22-value interactions between 
protein and polymer are neglected. This approximation might influence the results. For 
example, also positive B22-values are obtained for crystallizing conditions in contrast to 
salt as precipitant [29]. In literature more examples for positive B22-values for crystallizing 
conditions exist, like for urate oxidase or the Brome Mosaic Virus [47,51]. These 
conditions were also obtained with PEG as precipitant in solution. The determination of 
cross-interactions between protein and PEG in form of the B23 might show if this 
approximation is applicable. 
 
Figure 6.4: B22-values for mAb04c as a function of PEG-concentration and molecular weight at (a) pH 7 
and 9 (b); in gray crystallization slot according to George and Wilson [13] 
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6.3.5 Characterization of phase behavior using cross-interaction 
determination 
From the results of figure 6.4 the question arises, whether or not cross-interactions between 
proteins and macromolecular precipitants can be neglected or if they can give additional 
information about how the protein behaves. For macromolecules with a sufficient 
molecular size, it is possible to determine the osmotic second cross-virial coefficient as a 
parameter for cross-interactions via SLS. Therefore, the systems containing PEG 3350 and 
PEG 8000 with mAb04c used in this work were analyzed as two component system with 
the macromolecules PEG and protein. Interactions between alike molecules 
(mAb04c - mAb04c: B22, PEG – PEG: B33) and unlike molecules (mAb04c – PEG: B23) for 
the pH-values 5, 7, 9 were determined. They are measured in the pure buffer system at the 
respective pH-value, by varying the PEG and mAb04c concentrations as described in 
chapter 6.2.3. The results are plotted in figure 6.5. The determined B22-values for the 
pseudo-one-component system at 0 % PEG (figure 6.4) and the B22 for the two component 
system PEG-mAb04c represent by definition the same value at the same pH-value. The 
determined values are consistent with each other, as the overall averaged B22-values show 




. This result shows the applicability of the 
SLS method for the two component system. 
For pH 5 the B22 is positive while for pH 7 and pH 9 negative B22-values were determined. 










. The B23 is decreasing with increasing pH, but remains 





 smaller compared with those of PEG 8000. 
For the pH-values of 7 and 9, negative B22-values and positive B33-values are obtained, 
while the B23 are positive. In phase behavior experiments, mAb04c crystallizes over a 
broad PEG concentration range. These cases are comparable to the phase behavior of 
lysozyme and ovalbumin in solution described by McCarty et al. [23] and Cheng et al. 
[22]. Both postulate a high probability of purified crystals of the target protein - here 
mAb04c -, whereas the other macromolecule - here PEG 3350 or PEG 8000 - stays in 
solution. As B22 as well as B33 are positive, the LLPS which initializes crystallization 
results from the repulsion between PEG and protein. Thus, PEG is not attached in the 
crystal which can be generally confirmed by Finet et al. [10] for protein-PEG systems. 
Positive B23-values and B33-values are also expected for other protein and PEG systems in 
aqueous buffers, as PEG is a hydrophilic nonionic polymer. The B23 for PEG 3350 and 
mAb04c is smaller compared to the B23 for PEG 8000 and mAb04c. This might explain the 
faster kinetic of the latter system. However, the B23 cannot be analyzed as single 
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parameter, as the decrease of B23-values with increasing pH for one PEG molecular weight 
is not reflected in the kinetics and the strength of the phase transitions. Conversely, no 
phase transition of mAb04c occurred at pH 5. In contrast to pH 7 and 9, the only difference 
is a positive B22-value. With regard to the demixing criterion in equation (6.1) the virial 
coefficients predict that the systems of mAb04c and PEG 3350 as well as PEG 8000 at 
pH 5 do not separate.  
From the earlier, it is clear that interactions between protein and PEG exist. Moreover the 
combination of B22, B33, and B23 could be used to better understand the protein phase 
behavior. It helps in analyzing the kinetics of phase transition, if phase transition occurs 
and predicts selective crystallization. Thereby a negative B22-value in combination with 
positive B23- and B33-values increases the probability of phase transition as shown by the 
application of the demixing criterion on the obtained results. However, this demixing 
criterion gives neither the additional information about the type of phase transition nor the 
corresponding PEG and/or protein concentration. A prediction of protein phase behavior, 
respectively, the desired crystallization with B22, B33, and B23 over the analyzed range 
seems not possible. These three parameters are protein and PEG concentration independent 
and try to describe complete 2-D phase diagram at constant pH-value and varying protein 
and PEG concentration. Thus, three parameters are supposed to describe every possible 
phase state such as stable solutions, crystallization, precipitation as well as an arrested 
LLPS as shown for PEG 8000 at pH 9. B22, B33, and B23 are derived from the non-ideality 
of the osmotic pressure and, hence, hardly capable of predicting complete phase diagrams. 
To gain further information about the protein phase behavior, additional parameters like 
the PEG/protein concentration dependency and kinetics have to be taken into account as 
already mentioned for the analysis with the B22-value in chapter 1.3.4. 
 
Figure 6.5: B22, B33 and B23 for mAb04c and PEG 3350 and 8000 in dependency of the pH 
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6.4 Conclusion 
In this work, a detailed and systematic analysis of the phase behavior of mAb04c in 
dependency of different pH-values and PEG molecular weights as well as concentrations in 
a buffer system is presented. The phase behavior as well as the time for the first occurrence 
and the size of the crystals can be controlled by the PEG molecular weight and the pH-
value. Overall, the use of PEG as precipitant for antibodies is more promising compared 
with salts due to the success in finding crystallization conditions by an easy variation of the 
depth and range of the osmotic attraction, simply by changing the polymer size and 
concentration 
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. PEG molecular weights of 1000 or 3350 in combination with mAb04c are 
preferred due to a larger crystal size, the fast phase transition and the broad crystallization 
range. 
The approach of considering the protein in a PEG solution as a pseudo-one-component 
system to determine the protein interactions in form of the B22 and the approach of using 
the B23 for analyzing the protein-PEG interactions were successfully applied to establish 
further theoretical understanding. However, these osmotic second virial coefficients are 
neither capable of prediction crystallization probability, for example, in the form of a 
crystallization slot nor the type of phase transition. Bii and Bij describe the non-ideality of 
the osmotic pressure and, therefore, cannot describe kinetic processes or concentration 
dependencies of the protein phase behavior.  
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7 Conclusion and Outlook 
This work shows the importance of optimization and simplification of reliable screening 
methods for the analysis of protein phase behavior to gain transferable information for 
further studies. A screening method using a buffer system with a constant buffer capacity 
from pH 5 – 9 was established to systematically analyze protein phase behavior. The main 
advantages of such a screening are the comparability between different conditions and the 
possibility to analyze the influence of single parameters on the protein phase behavior. 
Additional information such as nucleation and crystallization kinetics was obtained by 
using an automated imaging system during the screening. This developed screening 
method can now be expanded to different kinds of precipitants and mixtures. With a 
transfer of this methodology to different proteins the setup of databases is essential to be 
able to interlink information in the future. 
With the here developed screening method, the influence of salts and PEG on antibody 
phase behavior was analyzed and differences between the two precipitant types were 
highlighted. Appropriate crystallization conditions for downstream processing could be 
found for mAb04c with PEG due to a compact crystal appearance, large crystal size and a 
broad crystallization range. Since the experiments were conducted in microbatch 
experiments with low vibration storage, the influence of additional process parameters like 
stirring and filtration of crystals have to be investigated in further upscale studies. 
These results were supported and supplemented by an extensive study of protein-protein 
interactions using the osmotic virial coefficients. Additional information from the 
correlation of B22-values to antibody phase behavior fosters the understanding of 
mechanisms on a molecular and thermodynamic basis. A constitutional differentiation 
between crystallization and precipitation in form of a crystallization slot was neither 
possible nor a description of the binodal and the spinodal with the thermodynamic model.
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Kinetic phenomena and complexity of the analyzed antibody molecules have to be taken 
into account. However, the theoretical HDW-model
40
 was successfully applied for 
mAb04c to correlate solubility to the B22. Thus, the solubility seems to be 
thermodynamically driven. Such information can be applied for optimization of different 
downstream processing steps. 
The determination of B22 with SLS, however, is still protein and time consuming, which is 
a disadvantage when a high throughput screening is considered. Since the SIC is not 
applicable for a quantitative determination of the B22, more time and effort should be 
invested to optimize non-invasive methods like the SLS to reduce time and protein 
consumption. The use of a dual-detector cell for simultaneous measurement of scattered 
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light intensity and concentration in Size Exclusion Chromatography-HPLC for SLS as 
postulated by Bajaj et al.
84
 might be a possibility. 
Unfortunately, no structural information was available for the three antibodies investigated 
in this study, even though structure based approaches seem to be very powerful
53
 in finding 
correlations to crystallization probability. The combination of thermodynamic and statistic 
considerations will help to further increase the understanding of what happens in protein 
solutions. Moreover the quantification of protein-protein interactions via B22 as an 
additional parameter to differentiate protein phase behavior simplifies the use of statistical 
methods like multivariate data analysis. 
Overall, it could be shown in this thesis, that it is still a long way to go to completely 
understand protein phase behavior in solution. Due to an extensive and systematic analysis, 
the phase behavior of monoclonal antibodies is better understood in detail now. The 
established screening method and the knowledge gained for antibody phase behavior will 
simplify the analysis of protein phase behavior in the future. Moreover, this work also 
points out the limits of the existing experimental screening methods as well as empirical 
and theoretical models. Strategies were suggested for further investigations. A fundamental 
understanding is not only the key to reduce experimental effort in crystallization condition 
screening, but also in optimization of all steps in downstream processing. 
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